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Berries are abundant in bioactive compounds. Bilberry or European blueberry (Vaccinium myrtillus L.)  
is in particular gaining worldwide attention being one of the best natural sources of antioxidant rich 
phenolics that accumulate in both skin and flesh during fruit ripening. Alongside, the ubiquitous 
presence of anthocyanins and related flavonoids, it also contains other compounds such as carotenoids, 
stilbenes, terpenoids, vitamins and sugars. Especially flavonoids and sugars have major effect of fruit 
quality. Beside the genetic adaptation by the latitude-based cultivars and ecotypes, altering 
environmental conditions play a major role in determining the bioavailability of these compounds. 
Especially, the light quality impacts several secondary metabolic processes, thus by interacting with the 
number of known positive regulators and repressors of light signaling.  
The thesis is focused on understanding the biosynthesis and regulatory mechanisms of the key quality 
compounds, flavonoids and sugars, in bilberry in response to different light qualities from the 
photosynthetically active radiation (PAR) spectrum. The light quality experiments were carried out in 
controlled conditions by mimicking single wavelength light spectra of red, blue and far-red using LED-
light systems.  
The promising results showed that indeed supplemental light wavelengths have a positive effect on 
anthocyanin and sugar biosynthesis in bilberries. Especially, delphinidins were found to be the most 
reactive class of anthocyanins in response to red light treatments, which increased the concentration 
several fold in fully ripe berries. The transcriptomic data revealed that the abscisic acid (ABA) 
biosynthesis and signaling was found to regulate the anthocyanin accumulation, where even the ABA 
degrading enzyme, ABA-8'-hydroxylase, acted as positive signaling factor. However, the results showed 
a differential effect or opposite response pattern towards red and blue light in berries which are ripening 
independently of mother plant to that of naturally attached ripening berries. Interestingly, the blue light 
influenced the anthocyanin biosynthesis in detached berries to the most, and resulted in highest 
anthocyanin levels quantified in fully ripe bilberries. The study also showed the effect of light quality 
on sugar metabolism from the differentially expressed genes (DEGs) data, where both red and blue light 
influenced the starch and sucrose metabolism. Supplemental red light also increased the amount of 
sugars in ripe bilberry. 
The findings of this study will drive-forward the plant research communities towards better 
understanding on the effect of light on fruit ripening and improving quality. The results can also be 
further utilized in future commercial breeding programs or cultivation practices of wild Vaccinium 
berries with improved value-added properties. 
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The demand for ‘super-foods’ in human diet rich in bioactive compounds is increasing among consumer 
markets, including fresh fruits. Berries in general are widely regarded as one of the best sources of 
health-beneficial compounds. They are consumed as either fresh during the season or in processed form 
and desired by health-conscious consumers worldwide. Among the small berries, a US market study 
shows that the blueberries (Vaccinium spp.) are the second-most popular in consumption after 
strawberries (Fragaria spp.), followed by blackberries and raspberries (Rubus spp.) in minor demand 
(Sobekova et al., 2013). These small berries are abundant in anti-oxidant rich phenolic compounds such 
as anthocyanins, a wide range of organic acids, vitamins (ascorbic acid), and taste enhancing compounds 
such as volatiles and sugars (Skrovankova et al., 2015; Zorzi et al., 2020). The berry phenolic 
compounds are majorly attributed to many human health benefits such as protection against 
degenerative and cardiovascular diseases (Paredes-López et al., 2010). Several studies have shown that 
abiotic factors, specifically light conditions play a major role in the determination of concentration and 
composition of phenolics (Teixeira et al., 2013; Bian et al., 2015; Sharma et al., 2019) Hence, the 
knowledge and understanding on regulatory mechanisms against specific spectral light qualities is 
important in improving the bioavailability of berry phytochemicals. 
 
5.1 Vaccinium berries 
The family of Ericaceae consists of around 120 genus and over 4000 species of flowering plants (Stevens 
et al., 2004). They are distributed from the subarctic tundra to the temperate, tropical regions and usually 
thrive on open barren lands as shrubs or small trees, and many are characterized as cultivated species 
(Fang et al., 2007). The fused petals in the shape of an urn are a very common feature of Ericaceae 
family flowers (Glimn-Lacy et al., 2006). The Vaccinium genus of this family consists of more than 400 
species of wild and cultivated species that produce small to medium-sized fleshy berries (Hancock et 
al., 2003). The important commercial species are coming from the sections Cyanococcus (blueberries) 
and Oxycoccus (cranberries). Other important species include lingonberries (V. vitis-idaea), lowbush 
blueberries (V. angustifolium), highbush blueberries (V. corymbosum), rabbiteye blueberry (V. 
virgatum) and bilberries (V. myrtillus) (Song & Hancok, 2011; Debnath & Goyali, 2020). All the berries 
from this genus are edible and easily palatable. The skin color ranges from pink to blue and even the 
flesh is deeply colored in some species. The taste of berries begins to develop in late ripening stages and 
differs slightly between sweet to tart flavor (Milivojevic et al., 2012). The ploidy levels vary from 
diploid to hexaploid across these species, and new genome datasets have been made publicly available 
recently (Genome database for Vaccinium, https://www.vaccinium.org/). All the cultivars of above 
mentioned Vaccinium species differ widely in the amount and composition of phenolic compounds 
 
8 
(Moyer et al., 2012; Li et al., 2017). These berries are utilized mostly in the human diet but the 
commercial aspect also depends of interest on nutraceutical and cosmetic industries. 
 
5.2 Wild bilberry (Vaccinium myrtillus L.) 
Bilberries are regarded as one of the best natural sources of anthocyanins. The perennial deciduous, 
dwarf shrub is native to Northern Eurasian regions and typically grows in spruce, birch and mountainous 
forests of arctic alpine region. The plant thrives to grow up to 30 cm (≈1 foot) high mostly in acidic 
moist soil and prefers semi-shade under tree covers (Chu et al., 2011; Nestby et al., 2011). A peculiar 
feature in bilberries among Ericaceae family is that it possesses green stems and branches, and it 
continues the photosynthetic process even when leaves fall off in autumn (Fig.1a). The flowers start to 
bloom from April-June and the fruits develop during July-September depending of the growth location. 
The pollination is naturally facilitated for example by the bumble bees. The ripe berries are small (5-9 
mm) and have a distinct deep blue/purple coloration due to higher amounts of anthocyanin compounds 
that accumulate during ripening. The berries are also protected by a waxy layer coat that avoids 
dehydration of fruits.  
 
Fig. 1 A fully-grown bilberry plant yielding fruits (a), major developmental stages of bilberry fruit from 
small green to fully matured blue-colored ripe berries (b). 
The berry ripening can be classified into four major developmental stages after the flower maturation; 
small green berries to reddish medium-sized and fully ripe blue/purple-colored berries (Fig. 1b). The 
duration between each developmental stage also often varies based on temperature and local weather 
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conditions, but usually the fruit set from the flower falls anywhere between 25-40 days. Bilberries are 
one of the most commonly found wild plants in Norway and found throughout the country even at 
altitudes as high as 1500 masl. They have a high commercial value in the market, despite of which tons 
of berries are left unpicked in Nordic forests every year. Berry picking is a traditional leisure activity 
among the Nordic public during late summer. The growing interest on bilberries in non-native markets 
could potentially lead to better cultivation or sustained farming practices in future (Nestby et al 2011). 
 
5.3 Bioactive compounds in bilberries 
Bilberries contain high levels of antioxidant compounds (phenolics, flavonoids, tannins), color pigments 
such as anthocyanins and carotenoids, vitamins (ascorbic acid) and sugars (Michalska & Łysiak, 2015; 
Pires et al., 2020). Flavonoids, which represent the larger part of bilberry bioactive compounds, in 
general are a group of polyphenolic-class secondary metabolites that represent over 4,000 low molecular 
weight compounds. Flavonoids can be further divided into six subclasses such as flavonols, flavones, 
isoflavones, anthocyanins, catechins and flavonones (Fang et al., 2013; Panche et al., 2016). These 
flavonoids are conjugated to sugar molecules and occur naturally in plant tissues, such as fruits, nuts, 
seeds and other storage tissues.  
The nutritional components in fully ripe Vaccinium berries can be categorized into carbohydrates 
(15.3%), protein (0.7%), dietary fibers (1.5%), lipids (0.5%) and with water content of 85% (Hancock 
et al., 2003; Rowland et al., 2011). The predominantly found sugars in bilberries are fructose and 
glucose, whereas sucrose and galactose are found in low amounts. A fully matured blueberry contains 
3.5% cellulose and 0.7% pectin which are sugar constituents of the cell wall (Akšić et al., 2019). In 
addition to these essential nutrients, these berries contain a wide range of organic acids, non-nutritive 
phytosterols such as sitosterol and stigmasterol (Koponen et al., 2001). Anthocyanins alone constitute 
more than 60% of the total polyphenolics of Vaccinium berries. They are water soluble pigments that 
give deep red or purple coloration to the fruits or flowers (Krga, & Milenkovic, 2019). Apart from being 
colorants to the berry skin and flesh, anthocyanins are possessing excellent antioxidant properties that 
could scavenge free radicals and chelate metal ions in biological system (Kalt et al., 2003; Kalt et al., 
2020). Numerous studies have been demonstrated on several model organisms, however, solid evidence 
in human studies is still lacking. But in general, it is understood that consumption of bilberries on a 
regular basis have numerous health benefits such as prevention of cardio-vascular diseases, cancer 
obesity, aging, improving vision, immunity and used as performance booster supplement in sports. 
Bilberries have been also traditionally been used in folklore medicines since ancient times (Erlund et 





There are more than 700 anthocyanins found in nature from all the glycosylated, hydroxylated or amino 
acid group attached derivatives from 27 anthocyanidin classes. However, only six major anthocyanidins; 
cyanidin (Cy), delphinidin (Dp), pelargonidin (Pg), peonidin (Pe), malvidin (Mv) and petunidin (Pt) are 
commonly found in plants (Andersen & Jordheim 2013; Fang, 2014). They are aglycone end products 
from the flavonoid pathway and are glycosylated by glucose, galactose, rhamnose or arabinose at the 
end of the biosynthetic pathway. Sugars are attached to anthocyanidins mainly at the C3-position of the 
C-ring or the C5, C7-position of the A-ring (Bueno et al., 2012).  
 
 
Fig. 2 Schematic representation of the anthocyanin biosynthesis highlighting the major anthocyanin 
compounds and structures commonly found in Vaccinium species. PAL, Phenylalanine ammonia lyase; 
4CL, 4-coumarate: CoA ligase; CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone 3 
hydroxyase; F3’H, flavanone 3′ hydroxyase; F3′5′H, flavanone 3′ 5′ hydroxyase; FLS, flavonol 
synthase; DFR, dihydroflavonol reductase; ANS, anthocyanidin synthase; MT, 3-O-methyl transferase; 
UFGT, UDP glucose-flavonoid 3-O- glucosyl transferase. 
The anthocyanin biosynthesis initiates from the well-studied phenylpropanoid pathway, with 
phenylalanine as a starting point, which comes from the shikimate pathway (Fig. 2). It is converted to 
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cinnamic acid and further to 4-coumaroyl- CoA by phenylalanine ammonia lyase (PAL) and 4-
coumaroyl- CoA ligase (4CL). Chalcone synthase (CHS) condenses one molecule of 4-coumaroyl-CoA 
into naringenin chalcone. These chalcones are isomerized to flavanones, such as naringenin by chalcone 
flavanone isomerase (CHI). Then the pathway cleaves into different branches yielding types of 
dihydroflavnols, each resulting in a different class of flavonoids. Flavanone 3-hydroxylase (F3H) 
catalyzes naringenin to dihydroflavonols such as dihydrokaempferol, dihydroquercetin and 
dihydromyricetin. For the biosynthesis of anthocyanins, dihydroflavonol reductase (DFR) catalyzes the 
reduction of dihydroquercetin and dihydromyricetin to leucocyanidins and leucodelphinidins, which are 
converted further to anthocyanidins by anthocyanidin synthase (ANS) and glycosylated by UDP glucose-
flavonoid 3-O-glucosyl transferase (UFGT) (Jaakola et al., 2002; Jaakola et al., 2013) (Fig. 2). 
The direct regulation of flavonoid biosynthesis is well understood and characterized from various plant 
species. (Zoratti et al., 2014). The coordinated expression of genes in this pathway is regulated by a 
complex consists of R2R3-MYB, bHLH transcription factors and WD-40 repeat proteins, which form 
so called MBW complex and determines the spatio-temporal patterns and downstream accumulation of 
anthocyanins (Xie et al., 2020; Yan et al., 2021). 
 
5.3.2 Flavonols and flavan-3-ols 
Flavonols are another important class of flavonoids also known for their potent antioxidant activities. 
They are usually colorless or appear in pale color. Flavonol synthase (FLS) is the key enzyme in flavonol 
biosynthesis that converts all the dihydroflavonols produced from the flavonoid biosynthesis such as 
dihydroquercetin and dihydromyricetin to quercetin and myricetin. Glycosyl-groups are further added 
by 3-O-glucosyl transferases (3GT). Myricetin is methylated at 3' site to form laricitrin and further 
methylated at 5' into syringetin by the 3′-O-methyltransferase and 5'-O-methyltransferase, respectively 
(Davies et al., 2003) (Fig 3). 
Studies in grape have shown that flavonols such as myricetin and kaempferol were found in high levels 
at veraison stage, whereas quercetin was detected highest during the early fruit development (Fang et 
al., 2013). Anthocyanidins can be diverted into proanthocyanidins via anthocyanidin reductase (ANR), 
to produce catechin-type or epicatechin-type flavan-3-ols which are produced from leucocyanidins by 





Fig. 3 Schematic representation of the flavonols biosynthesis highlighting the major flavonol 
compounds (quercetin, myricetin, laricitrin, syringetin) and its structures commonly found in Vaccinium 
species. F3H, flavanone 3 hydroxyase; F3′H, flavanone 3′ hydroxyase; F3′5′H, flavanone 3′ 5′ 
hydroxyase; FLS, flavonol synthase; OMT, 3-O-methyl transferase, 5-O-methyl transferase; 3GT, 
flavonol 3-O glucosyl transferase; LAR, leucoanthocyanidin reductase; ANR, anthocyanidin reductase. 
 
5.3.3 Sugars 
Sugars are biosynthesized in photosynthetic source tissues such as leaves, and transported to the sink 
tissues such as roots and fleshy fruits by sucrose transporters and through sieve elements of phloem in 
most plant species (Lemoine et al., 2013). Vaccinium berries accumulate different kinds of soluble 
sugars, mainly sucrose, glucose and fructose during fruit development and ripening, the latter two being 
the two predominantly found sugars (Forney et al., 2012). The starch metabolism is a complex process 








Fig. 4 Schematic representation of sucrose synthesis and transport from source tissues to sink tissues 
highlighting the major enzymes involved in plant sugar metabolism. SPS/SPP, sucrose phosphate 
synthase, sucrose phosphate phosphatase; SS, sucrose synthase: NINV, neutral invertase; CWINV, cell 
wall invertase; VINV, vacuolar invertase; HK, hexokinase; FK, fructokinase. 
Generally, starch synthesis and degradation occur in amyloplasts, a type of storage plastids. Starch 
represents an important intermediate in the general sugar metabolism in the fruit development by serving 
as reserve energy source in plastids that can be utilized to produce glucose and fructose when needed 
(Lloyd & Kötting, 2016). The utilization of sucrose for metabolism in sink tissues starts with the 
cleavage of sucrose into its hexose monosaccharides, glucose and fructose, by acid and neutral 
invertases. Sucrose cleavage is carried out either by neutral invertase (NINV) in the cytoplasm, acid 
invertases in vacuoles (VINV) or by cell wall invertases (CWINV) to yield glucose and fructose, or by 
sucrose synthase (SS) to yield UDP-Glucose and fructose (Salerno & Curatti, 2003). The free hexoses 
(glucose and fructose) are phosphorylated by hexokinases (HK) or fructokinases (FK) that produces 
glucose-6-phosphate or fructose-6-phosphate, which are key precursors for energy yielding processes 




5.4 Light spectral quality: perception and its significance  
Light being the main energy source for plants is an important environmental factor that affects several 
physiological processes including fruit development (Yavari et al., 2021). Photosynthetically active 
radiation (PAR) stretches from 400-700 nm ranging from blue to far-red light (Wu et al., 2019). The 
visible PAR light spectrum varies across different latitudes and changes daily along with the radiation 
doses that reaches the surface (Chiang et al., 2019). Along with chlorophylls that perceive solar light for 
photosynthesis, specific classes of plant photoreceptors, such as phytochromes and cryptochromes, 
perceive light wavelengths to enable plants to sense and respond to high or low light environments. 
Phytochrome (PHY) photoreceptors sense red and far-red light, cryptochromes (CRY) perceive blue 
light and UVR8 photoreceptor respond to UV light (Moglich et al., 2010).  
 
 
Fig. 5 Schematic representation of light perception mediated by COP1 and its response towards 
anthocyanin biosynthesis and hormone signaling during fruit development. COP1, constitutive 
photomorphogenic 1; HY5, elongated hypocotyl 5; PHY, phytochrome; CRY, cryptochrome 
photoreceptors; MBW complex, MYB, bHLH, WD-40; bHLH, basic helix-loop-helix; WD-40 repeat 
domains; ABA, abscisic acid; PYR/PYL, pyrabactin resistance/like ABA receptors; PIF, phytochrome 




The light signal perception induces either photomorphogenesis or skotomorphogenesis, changes in 
circadian rhythm flux and importantly affects the biosynthesis of secondary metabolites. The central 
light signal processing is mediated by the constitutive photomorphogenic 1 (COP1) regulator. 
Photoreceptor activation by light suppresses the activity of COP1 which is an E3 ubiquitin ligase that 
ubiquitinates a number of positive transcriptional regulators, thus repressing photomorphogenesis. 
COP1 is active in dark growth conditions accumulating in the nucleus, while light induces its export out 
of the nucleus and move to the cytosol, leading to the accumulation of transcription factors, and thus 
promoting photomorphogenesis (Wang et al., 2019) (Fig 5). Light-induced activation of photoreceptors 
initiates downstream signal elements like elongated hypocotyl 5 (HY5) resulting in light-induced 
physiological responses including anthocyanin accumulation. HY5 also tends to positively react with 
MBW complex which consists of MYB, bHLH and WD-40 repeat proteins transcription factors. (Zhao 
et al., 2010) (Fig 5). Although bHLH and WD-40 might not be directly involved in response to light 
quality and intensity and play only a secondary role from the complex, MYBs are more directly involved 
in light-mediated regulation of flavonoid biosynthesis (Matus et al., 2009). 
COP1 being the central repressor of photomorphogenesis, recent studies have shown that it is also likely 
to be involved in different plant hormone signalling pathways. In auxin signalling, COP1/SPA complex 
can regulate phytochrome interacting factor (PIF5) stability under red light (Pacin et al., 2016). It has 
also been reported that COP1 may promote ethylene insensitive gene (EIN3) stability through 
ubiquitination of ethylene binding factors (EBF1/2) (Shi et al., 2016), although the mechanism 
controlling the ubiquitination of EBF1/2 by COP1, in ethylene signaling is not clear. In abscisic acid 
(ABA) signalling, COP1 appears to participate in two ABA-regulated processes, seed germination and 
ABA-induced stomatal closure (Khanna et al., 2014). In dark conditions, skotomorphogenesis is 
mediated by COP1/HY5 with signalling from gibberellic acid (GA) with the suppression of DELLA 
proteins (Mazzella et al., 2014). All likely interaction of COP1 with different hormone signaling factors 
is depicted in Fig 5. Plant hormones respond to environmental signals such as light and COP1 could be 
the connecting link between light and hormone signaling pathways (Liang et al., 2012). 
 
5.5 Role of light qualities in  flavonoid biosynthesis and sugar 
metabolism 
Light conditions perceived by the plants are categorized into duration (photoperiod), intensity and 
quality. Among them, light quality is the most important factor that affects both plant primary and 
secondary metabolism. In the past, photo-selective nets and bagging methods have been commonly used 
to selectively increase the sensitivity of fruits to solar light intensities towards anthocyanin accumulation 
as shown in fruit crops such as apple, litchi and tomato (Liu et al., 2013; Tinvane et al., 2013; Zhang et 
al., 2016). In order to study the effect of light quality by selectively inducing, it is now possible to 
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flexibly simulate specific wavelengths using light emitting diodes (LEDs), which are already widely 
used in indoor horticulture in the commercial production of vegetables (Bian et al., 2015; Nassarawa et 
al., 2021). From the wide range of PAR spectra, mostly blue (460 nm) and red (660 nm) light 
wavelengths have the maximal effect on the biosynthesis of secondary metabolites. Several studies have 
shown that blue light actively promotes anthocyanin biosynthesis in fruit crops such as pear, strawberries 
and bayberries (Shi et al., 2014; Xu et al., 2014; Nadalini et al., 2017; Tao et al., 2018). Some studies 
have also highlighted the possible role of red light in increasing the anthocyanin content in fruits (Zhou 
& Singh, 2002; Miao et al., 2016). The light qualities interact via the photoreceptors and signalling 
pathways with the specific regulatory and structural genes. For example, in cherries, blue light promoted 
anthocyanin accumulation by increasing the expression of PAL activity (Kokalj et al., 2019). Likewise, 
in sugar metabolism, the composition and accumulation can also be affected by the light conditions as 
reported in tomato (Beckles, 2012). Both red and blue light could be involved in photo-regulation of 
sugar metabolism and sucrose transport (Girault et al., 2010). In bilberries, it was shown earlier that the 
plants that are growing exposed to high PAR range had increased phenolic compounds and sugar content 
(Zoratti et al., 2014; Mikulic-Petkovsek et al., 2015). Further understanding of the mechanisms behind 
the effect of individual light wavelengths on the accumulation of both anthocyanins and sugars in berries 















6 Aim of the study 
 
The main objective of the study was to investigate the effect of spectral light qualities on biosynthesis 
and accumulation of major bioactive compounds in bilberry such as anthocyanins, flavonols and sugars, 
and shed light on the mechanisms controlling the light quality mediated related signalling. Therefore, 
the study was further widened up to see if the light quality perception and its effect on anthocyanin 
profile is different or not in independently ripening berries without involvement of plant signals, 
compared to that of naturally ripening berries.  
The research work was carried out:  
1. To study the effect of light quality, specifically the red and blue light on anthocyanin 
biosynthesis through high throughput RNA-seq transcriptomics and metabolite analyses (Paper 
I); 
2. To study if the light quality responses (red, blue and far-red) are different across naturally 
ripening berries and in detached conditions on flavonoid biosynthesis through gene expression 
and metabolite analyses (Paper II); 
3. To study the sugar-metabolism in bilberry during fruit development and under supplemental 
light through related gene expression, enzyme activity analyses and quantification of sugar 














7 Summary of Papers 
7.1 Paper I 
 
Red and blue light treatments of ripening bilberry fruits reveal differences in signaling 
through ABA regulated anthocyanin biosynthesis 
Amos Samkumar1*, Dan Jones2, Katja Karppinen1, Andrew P. Dare2, Nina Sipari3, Richard V. 
Espley2, Inger Martinussen4, Laura Jaakola1,4  
Published in Plant, Cell & Environment, 44(10), 3227-3245.  https://doi.org/10.1111/pce.14158 
 
The response to supplemental red and blue light irradiation between mid to late ripening stages of 
bilberry was investigated in this study. We found out that anthocyanin content was increased by both 
red and blue light treatments when compared to control natural light conditions. The highest elevation 
of anthocyanins was found under red light with a 12-fold increase. Further, transcriptome libraries were 
constructed from the 6-day old supplemental light-irradiated ripening berries using RNA-sequencing. 
Both red and blue light treated berries had similar up-regulation of all the key early and late anthocyanin 
biosynthetic genes, but the major difference was found in light signaling and perception, in addition to 
ABA metabolism and catabolism. The highest accumulation of delphinidin glycosides under red light 
was well correlated with increased expression of F3'5'H and UFGT genes. We also showed that the 
ABA biosynthesis was positively linked to increased anthocyanin accumulation under red light. Hence, 
alongside common ABA receptors, PYR/PYL, ABF, ABI5, the catabolic enzyme, ABA-8'-hydroxylase 
was highly up-regulated under red light alone, suggesting that all these ABA-linked genes act as positive 
signaling factors of anthocyanin biosynthesis in bilberry. Also, the regulatory genes alongside MYBA1, 
MYBPA1.1 were found to be upregulated under red light. In addition, we showed an alternative model 
of vesicle-mediated trafficking and transport of anthocyanins by SNARE domain transporters towards 
vacuolar storage, which could likely explain the sequestration in stress-induced anthocyanin 







7.2 Paper II 
 
Flavonoid biosynthesis is differentially altered in detached and naturally ripening 
attached bilberries in response to spectral light quality 
Amos Samkumar*, Katja Karppinen, Tony K. McGhie, Richard V. Espley, Inger Martinussen, Laura 
Jaakola 
Prepared for submission to Journal of Photochemistry and Photobiology B:Biology 
 
In this manuscript, we further extended our previous study to see how the light perception and signalling 
is different in independently ripening bilberries on detached conditions. The early harvest at premature 
stage is unusual in this non-climacteric berry species by theory at least, where it lacks independent 
ethylene-burst mechanisms and the fruit quality tends to deteriorate over time. We have documented 
interesting findings, where the bilberries continued to ripe over two weeks in detached conditions 
accumulating high yield of anthocyanins. Above all, the highest elevated anthocyanin content was 
detected in detached conditions, but unlike the red light which had positive influence on natural bushes, 
the detached berries interestingly responded to blue light instead. The metabolite quantification was 
supported by gene expression studies of biosynthetic and regulatory genes over the course of 
time, where in particular, the key regulatory gene MYBA1 was found to be regulating the 
biosynthesis in response to blue light in detached conditions. On the other hand, red light 
increased accumulation of both the anthocyanin and flavonols in naturally ripening berries on 
the bushes. We also analyzed the key photomorphogenesis regulators COP1 and HY5 
expression trends to support our findings. Our results indicate that there could be independent 
hormone signalling network in the developing berries, and possibly fruit-localized 
photoreceptors behind the independent light-mediated regulatory mechanisms. This finding 









7.3 Paper III 
 
Insights into sugar metabolism during bilberry (Vaccinium myrtillus L.) fruit 
development  
Amos Samkumar*, Katja Karppinen, Binita Dhakal, Inger Martinussen, Laura Jaakola 
Prepared for submission to Physiologia Plantarum (Special issue: Plant sugar metabolism, transport 
and signaling in a challenging environment) 
 
Alongside anthocyanins and other phenolic compounds contributing for human health-beneficial 
properties, sugars are also attributed toward the berry fruit quality by enhancing the taste or flavour. 
Sugar metabolism in bilberries is not explored earlier in detail. In this study, we have identified 25 genes 
categorized into acid and neutral invertases, sucrose phosphatases, sucrose synthases, and 
interconverting hexokinases and fructokinases. Most of the isoforms were differentially expressed 
across berry developmental stages suggesting they all might have different functions. The enzyme 
activity analyses strongly suggested that sucrose is converted and resynthesized mostly at the beginning 
of ripening. A similar trend was also seen in vacuolar acid invertases. Starch degrading-amylases were 
not detected in early stages and were found only in minor levels in late ripening stages. We have also 
estimated the sugar content across the developmental stages and the highest content was found in ripe 
berries with fructose and glucose dominating the sugar composition. Sucrose was detected only in low 
levels in all berry developmental stages. We have also further mined the bilberry light-treated 
transcriptome dataset to see if the spectral light quality has a positive influence on sugar metabolism. 
We observed a very similarly differentially expressed gene pattern on kinases but the sucrose coding-
genes were down-regulated under blue light. The most interesting response was found in starch 
degradation by amylases being highly up-regulated by both light treatments. Considering the earlier 
result, that the amylase activity was found on very low levels in all stages, it seems that the degradation 
of starch into hexoses is triggered by light quality. This is the first study of on bilberry sugar metabolism 








8 General discussion from main findings 
 
8.1 Supplemental light irradiation promotes anthocyanin 
biosynthesis in bilberry 
 
Light is one of the most important external factors which drastically affects the fruit ripening process. 
Some of the key changes impacted by light during fruit ripening include changes in texture, firmness, 
accumulation of phytochemicals, and most importantly the pigmentation (Feng et al., 2013; Henwood 
et al., 2018). The development of colored compounds such as anthocyanins is an important parameter 
in evaluating fruit quality. The changes in the composition of anthocyanins determine the fruit color in 
both skin and flesh, as well as their bioavailability upon consumption (Routray & Orsat, 2011; Fang, 
2014). Several studies over the past decades have shown that abiotic stress signals largely influence the 
biosynthesis of anthocyanins during fruit development and ripening (Zhou & Singh., 2004; Zoratti et 
al., 2014; de Rosas et al., 2017). The results from the paper I showed that the bilberry anthocyanin 
composition is strongly regulated by the light spectral qualities such as red and blue wavelengths. The 
study quantified 15 anthocyanin compounds from five major aglycone classes detected in light-treated 
and control samples. These were mostly glucoside, galactoside and arabinoside derivatives of cyanidin, 
delphinidin, petunidin, peonidin or malvidin class of anthocyanins, which were found in agreement with 
previous studies in bilberry (Lätti et al., 2008; Zoratti et al., 2014). The effect of light to anthocyanin 
pigmentation has been investigated in several studies in many commercial fruit crops (Dussi & Sugar, 
1995; Zhou & Singh., 2004; Kokalj et al., 2019). For example, shading and bagging experiments in such 
crops showed that exposure to solar light intensities could stimulate up-regulation of both early and late 
anthocyanin biosynthesis-related genes by interacting upon with regulatory elements (Fukuoka et al., 
2014). Short-term bagging treatment technique has been used widely in crops such as apple, litchi and 
pear, in which the exposure to light at certain ripening stages leads to accumulation of anthocyanins in 
fruit pericarp. (Ju, 1998; Zhang et al., 2016; Liu et al., 2019). Also, it has to be noted that the mechanisms 
are not similar across cultivars as shown in grapes, where the light exclusion treatment differentially 
regulated the anthocyanin accumulation in skin of berries (Zheng et al., 2013). Hence, in general, it is 
clearly understood that light from perceivable solar spectra of whole range (UV to far-red light) 
enhances anthocyanins, and dark/shadiness affects in an opposite manner. Nevertheless, plants with 
their specialized specific photoreceptors are able to perceive and segregate wavelengths from the visible 
spectral range (400-700 nm) and are able to respond to individual light qualities. Thus, enhancing the 
radiation of such specific range of light wavelengths could lead to responses in accumulation of certain 
classes of phytochemicals (Holopainen et al., 2018). 
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In paper I, delphinidin glycosides, which dramatically increased under red light and showed significant 
correlation with all the major flavonoid biosynthetic genes, were considered to be the most light-induced 
class of anthocyanins in bilberries. Likewise, cyanidin and petunidin glycosides also showed a 
significant increase under both red and blue light, respectively. However, levels of peonidin and 
malvidin glycosides were not affected by supplemental light treatments in the same manner like other 
anthocyanin classes. Therefore, these results indicate that the specific light qualities can change the 
composition and concentration of specific anthocyanins in berries by interacting with light-inducible 
biosynthetic and regulatory genes (Ma et al., 2019). Specifically, delphinidins being one of the most 
abundant class of anthocyanins found in northern clones and responsible for the distinct blue color 
appearance in ripe bilberries (Lätti et al., 2008; Uleberg et al., 2012), also happened to be the most light-
reactive class of anthocyanins accumulated in our simulated and controlled light-quality experiments 
(paper I & paper II). 
The anthocyanin biosynthetic process in bilberries is quite similar to the well-studied flavonoid 
metabolic pathways from other blue-colored fruits. The pathway involves a series of enzymatic reactions 
ultimately resulting in different classes and glycoside derivatives of anthocyanins. Light qualities target 
specifically upon certain key genes of this pathway by the inducible-transcription factors such as MYBs 
interacting with their promoters. Earlier studies have shown that PAL and DFR, some of the early 
structural genes of the flavonoid pathway, are highly responsive to light (Plunkett et al., 2018; Zhu et 
al., 2018). Similarly, the results of the present study revealed that the expression levels of most structural 
genes were up-regulated under both red and blue light, which also positively correlated with the 
concentrations of delphinidin-3-O-galactosides and arabinosides (paper I). A previous study by Zhang 
et al., (2017) showed that over-expression of CHS, the key enzyme gene in the flavonoid pathway, 
enhanced high-light resistance by accumulating more anthocyanins in leaves of Arabidopsis thaliana. 
In the present study, the expression of CHS was positively correlated with the concentration of 
delphinidins. Other important genes leading to the branching of leucoanthocyanidins, F3′H, F3′5′H and 
the last glycosylating gene of anthocyanin pathway, UFGT, were highly up-regulated under red light 
and also showed strong positive correlation with the concentration of delphinidin glycosides (paper I). 
From the current study, we consolidate that the late biosynthetic genes F3′5′H, branching point towards 
delphinidins biosynthesis, and UFGT were considered to positively regulate the synthesis of light- 
inducible anthocyanins, specifically correlating with the increased concentration of delphinidins under 
red light (paper I). 
Several key members of the MYB transcription factor family particularly, MYBA1, MYB5, MYBC2, 
MYBPA1.1, MYBPA2 and MYBPA3 were involved in regulating red light-induced accumulation of 
anthocyanins in bilberries (paper I). Some of these MYBs have earlier been shown to regulate expression 
of structural genes of the anthocyanin biosynthesis such as DFR and UFGT by interacting with their 
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promoters (Cavallini et al., 2014). For instance, MYB10, the homolog of MYBA, has been shown to be 
one of the most responsive MYB genes to light, and the main regulator of anthocyanin biosynthesis in 
cultivable fruit crops such as strawberry and apple (Feng et al., 2013; Lin-Wang et al., 2014). In blue-
colored Vaccinium berries, MYBA-type and MYBPA-type gene family members are identified to be 
the major regulators of anthocyanin biosynthesis (Plunkett et al., 2018; Karppinen et al., 2021). In this 
study, supplemental light-inducible anthocyanin synthesis was positively correlated with MYBA1, but 
also with MYBPA1.1, suggesting the co-regulation of the biosynthesis of delphinidin-type anthocyanins 
in bilberries as suggested by Karppinen et al. (2021). In an earlier study with wine grape, both MYBPA1 
and MYBPA2 were identified as positive modulators of both anthocyanin and abscisic acid (ABA) levels 
in berry skin (Azuma et al., 2012). The current findings will strengthen our understanding in anthocyanin 
regulatory mechanisms, specifically showing that both MYBA1/MYBPA1.1, as key regulatory genes 
identified in bilberry, have a major role in mediating the expression of structural genes such as CHS, 
DFR, F3′5′H and UFGT towards delphinidin biosynthesis also as response to red and blue light 
treatments (paper I). 
 
8.2 Red light induces biosynthesis of delphinidin branch 
anthocyanins mediated by abscisic acid metabolism 
 
Plant hormones have synergistic effects on anthocyanin biosynthesis during fruit development (Ferrero 
et al., 2018). The accumulation of secondary metabolites in plants has been shown to be influenced by 
endogenous hormones and signaling (Belhadj et al., 2008). The hormonal responses are also altered by 
biotic and abiotic signals, and the responses of both synergistic and antagonistic effects in the plants are 
well documented. Some hormones that are involved in response to light environmental stimuli include 
ethylene, jasmonic acid, salicylic acid, indoleacetic acid and ABA (Zhu, 2016). Our findings indicated 
that anthocyanin accumulation was mediated through ABA by enhancing the expression of both ABA 
signaling and metabolism-related genes in light irradiated ripening bilberries (paper I). The past studies 
haven’t ruled out the possible role of ABA signaling and metabolism in flavonoid biosynthesis under 
enhanced light environments. For instance, in strawberries the flavonoid regulatory gene, MYB10 was 
affected in response to light as well as to exogenous ABA and showed additive effects when both were 
combined (Kadomura-Ishikawa et al., 2014). Earlier, ABA has been reported to be central driving factor 
of ripening in bilberries because of its rise in endogenous concentration at the onset of berry ripening 
(Karppinen et al., 2016). Exogenous application of ABA in unripe bilberries also promoted anthocyanin 
biosynthesis (Karppinen et al., 2018). The similar effect of ABA regulatory mechanisms has been shown 
towards anthocyanins accumulation in grape berries (Wheeler et al., 2009; Sandhu et al., 2011). Thus, 
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the present results have shown further evidence on the link between the ABA metabolism and 
anthocyanin biosynthesis in fruits, especially under specific light wavelengths (paper I).  
From the findings of current study, red light up-regulated the expression of key ABA biosynthetic and 
catabolic pathway genes (NCED & ABA-8′ hydroxylase), in addition to the genes involved in ABA 
signal transduction mechanisms. A similar regulatory model was shown under drought stress in a recent 
study in tomato (González-Villagra et al., 2017). To determine whether red light promoted anthocyanin 
accumulation through ABA signaling, we analyzed the expression of ABA binding receptors and 
downstream signal transducers including the MADS-box transcription factors. Firstly, the expression of 
NCED, the rate-limiting key ABA biosynthetic gene, was increased in light-treated berries, further 
triggering the downstream signaling cascade (paper I) (Zhang et al., 2015). Later on, ABA transported 
from the apocarotenoid pathway binds to pyrabactin/like resistance (PYR/L) receptors. The bound ABA-
PYR complex is essential for inducing downstream regulators such as TDR, and other SQUAMOSA-type 
MADS-box transcription factor family genes affecting further towards associated regulatory elements 
from the MBW complex (Chung et al., 2019). At least five MADS-box transcription factor family of 
genes including AGAMOUS-type and TDR have earlier identified to be directly involved in bilberry 
fruit ripening (Jaakola et al., 2010; Nguyen et al., 2018). Under supplemental red light, all the above-
mentioned ABA binding receptors and regulatory elements were up-regulated (paper I). Contrastingly, 
blue light down-regulated PYL expression, further resulting in lowered expression levels of most 
downstream positive regulators, such as AGAMOUS and other MADS-box transcription factors, 
leading to the significant decrease in total anthocyanin content (paper I). 
The expression level of ABA-biosynthetic NCED gene was increased under both red and blue light 
treatments. However, the ABA-catabolizing gene, ABA-8'-hydroxylase was found increased under red 
and down-regulated under blue light (paper I). ABA-8'-hydroxylase activity is usually involved in 
degradation of ABA to maintain its endogenous levels in tissues. These findings are in accordance with 
a previous study in grapes by Kondo et al. (2014) where it was demonstrated that this catabolizing gene 
could be involved in anthocyanin biosynthesis under red LED-light treatment. Hence, the maintenance 
of increased endogenous ABA levels as a response to red light have contributed more towards 
anthocyanin biosynthesis in bilberries than an irregular ABA homeostasis promoted by blue light. It has 
been shown earlier in grapes, that higher available cellular concentrations of ABA in stress-induced 





8.3 Supplemental light wavelengths trigger anthocyanin 
transport in bilberries by vesicle-mediated trafficking 
 
Generally, in plant vegetative tissues and in storage organs, anthocyanins are suggested to be transported 
to vacuolar depositions via two proposed models. The first model illustrates the involvement of 
membrane bound transporters such as ATP-binding cassette (ABCs), glutathione-S-transferases (GSTs) 
and multidrug and toxic compound extrusion (MATE) transporters, whereas the second model is 
through vesicle-mediated trafficking via endosomes (Grotewold & Davies, 2008). Earlier studies 
proposed that anthocyanins and proanthocyanidins could be also possibly transported from cytosol to 
vacuoles through vesicular trafficking (Pourcel et al., 2010; Zhao et al., 2010). Another study in 
Arabidopsis characterized and evidenced the involvement of SNARE protein complex in the transport 
of secondary metabolites to cellular organelles via endosomes (Kwon et al., 2008).  Simultaneously, 
membrane transporters can be involved and assist the vesicle-trafficking process during sequestration 
before depositing as anthocyanic vacuolar inclusions (AVIs) (Kaur et al., 2021). In our study, we have 
shown that a group of SNARE (Syntaxin/SNAP type) domain proteins are highly up-regulated under 
red light and likely sequestered via endosomes. In addition, GST and MATE membrane transporters 
were also found likely to be associated with the vesicle-trafficking process in bilberry fruit (paper I). 
Our results led to possible speculations, on why and how the SNARE assisted vesicle-mediated 
trafficking was triggered in bilberries under enhanced-light environments instead of usual membrane 
bound transport by MATEs, ABCs and GST transporters. Our findings were backed up by some recent 
literatures, suggesting that the enhanced red light (an external abiotic stimuli) or high levels of inter-
cellular cargo (anthocyanins) in the organelles could trigger such phagosome-mediated complex (Gu et 
al., 2020; Kwon et al., 2020). However, further investigations are needed to consolidate this interesting 
finding from paper I. 
 
8.4 Blue and red light affect flavonoid biosynthesis in an 
opposite manner in detached and naturally ripening 
bilberries 
 
Naturally ripening bilberries could take up to 4 weeks for complete anthocyanin pigmentation to appear 
on the skin, from green to deep-blue color in mature berries under controlled conditions. Whereas in 
detached conditions, anthocyanin accumulation in bilberry skins occurs at a slow rate in the beginning 
(S2-S3 stage up to 4 days), followed by a rapid increase (S3-S4 stage within 8 days), and finally a 
stabilization (S4-S5 stage up to 14 days) (paper II), before a decline at the end of ripening stages, similar 
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to a pattern observed in grape berries (Gholami, 2004). In the current study, both naturally-ripening 
attached berries and detached berries, which were allowed to ripe until coloration appears, were tested 
for their differential responses to spectral light qualities such as red, far-red and blue light. Both detached 
berries and berries in bushes started developing pigmentation in skins between 5-7 days of enhanced 
irradiation. Metabolite analysis of fully-ripe bilberries confirmed that blue light promoted even higher 
anthocyanin accumulation in detached conditions than the positive influence of red light in attached 
berries (paper II). Based on these interesting results, we have concluded that supplemental lights 
responsible for the elevated anthocyanin levels were totally contrasting and could adapt different 
regulatory routes, when the berries were allowed to ripen independently (paper II).  
In a previous study in grapevine, detached berries under controlled light and temperature conditions 
continued to develop color even after removal from the vine (Lurie et al., 2015). It is generally 
understood that a photoperiodic signal is perceived by the leaves and transferred to shoot apexes at the 
initiation of flowering and later to fruit set (Levy & Dean 1998). For instance, in brightly colored flowers 
like petunia, sepals appear to have the same role as leaves when the leaves are covered or when the 
flowers are illuminated independently towards anthocyanin accumulation (Moscovici et al., 1996). 
However, in our experiments, detaching the bilberries, and exposing green, unripe berries to individual 
light qualities without the involvement of signals from leaves, still strongly regulated the expression of 
key structural and regulatory genes of the anthocyanin pathway, resulting in highest anthocyanin 
accumulation under blue light (paper II). Moscovici et al. (1996) proposed that in flowers, corolla tissues 
may contain low levels of photoreceptors because the anthocyanin concentration induced by light was 
much higher in the attached corollas than in detached ones. In contrast, our results showed that light-
induced anthocyanin accumulation was highest in detached berries, suggesting that the fruit-localized 
photoreceptors could have been more reactive towards light quality in an independent manner and when 
the berries are detached (Gonzalez et al., 2015). Likewise, high expression levels of all major flavonoid-
biosynthesis related genes showed a similar trend in attached berries between 4-6 days of irradiation 
with red light. Interestingly, the MYBA1-driven anthocyanin accumulation in detached berries under 
blue light had slightly more even distribution of different classes of anthocyanins unlike the berries in 
bushes, which mostly increased the delphinidin-type anthocyanins under light treatments. These results 
suggest that berry tissue itself is the sensor site for the photoreceptors and responsible for the 
photocontrol of pigmentation in bilberries, not being dependent on photoperiodic signals from other 
source tissues such as leaves (paper II).                                                                                                                                                                                                                 
Unlike anthocyanins, the accumulation of flavonols was found to be higher in both attached and 
detached conditions under red light compared to control and other light treatments (paper II). Similarly, 
the highest concentration of total flavonols was found in detached berries, compared to the quantified 
amounts in attached berries. Far-red light (730 nm) also influenced on flavonol biosynthesis in both 
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experimental conditions (paper II). Far-red light, which is found outside the PAR spectra and are mostly 
reflected by the plant canopy, is still an important component that can increase the photosynthetic 
efficiency. Far-red is generally known to be involved in inducing taller canopy with broad leaf sizes 
during plant development (Demotes-Mainard et al., 2016).  Some studies have shown that wavelengths 
ranging above 700 nm are likely to be involved in promotion of phenolic compounds, when combining 
in proportion with red light because of its dependency on interaction with same phytochrome A/red light 
photoreceptor (Dorokhov et al., 2021). In current study, far-red was found to be actively promoting 
colorless flavonols, after red light in the current study (paper II). A recent finding suggested that flavonol 
profile is a reliable indicator to assess canopy architecture and exposure of vines leaning towards solar 
radiation (Martínez-Lüscher et al., 2019). In non-climacteric berries, quercetin-3-O-glucoside and 
quercetin-3-O-glucuronide were the commonly found flavonol glycosides (Castillo-Muñoz et al., 2009). 
From our results, we have quantified quercetin-3-O-glucoside as the most abundant flavonol in 
bilberries and found in concordant with the previous study by Stanoeva et al (2017) (paper II).  
Earlier studies have reported that shading and exposing to light had impacted flavonol glucosides either 
at harvest or during berry development (Spayd et al., 2002; Downey et al., 2004). A higher exposure to 
UV-light also tends to increase flavonol levels for the photoprotection mechanisms (Downey et al., 
2003). Based on earlier studies, it is assumed that the flavonol concentration and content are dependent 
on the light quality especially between the UV range and higher PAR range (above 600nm). Our results 
are in agreement with these studies showing that fruit exposed to such light wavelength ranges had 
higher accumulation of flavonol glucosides irrespective of ripening conditions (attached or detached). 
This also indicates that flavonol biosynthesis is independent from anthocyanin accumulation during 
bilberry ripening and protects the epidermal tissues of the berry from high light environments (Singh 
Brar et al., 2008; Agati & Tattini, 2010). 
 
8.5 Sugar metabolism in bilberries with emphasis on response 
to red and blue light qualities 
 
Sucrose metabolism is the backbone for sugar accumulation during fruit ripening and three major 
enzyme categories such as invertases, sucrose phosphatases and sucrose synthases are actively involved 
(Lingle & Dunlap, 1987; Nguyen-Quoc & Foyer 2001;). The sucrose futile cycles in sink tissues can be 
also influenced by altering environmental conditions including light and thus the resulting sugar 
composition in mature fruits could be affected (Lattanzi et al., 2012). The import of sucrose, which is 
responsible for the carbon source in berry ripening and development, is generally driven from source 
tissues to sink organs (Ward et al., 1998; Koch, 2004). It has been documented that the light quality not 
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only affects the flavonoid biosynthesis but also a wide array of secondary metabolic pathways including 
sugar metabolism (Li et al., 2017). Soluble sugars such as sucrose, glucose and fructose are the major 
sugars found in fruits. They are also the main source for energy yielding by-products and substrates for 
primary metabolism, which are the backbone for plant growth and development (Lastdrager et al., 2014). 
We have characterized all the major genes involved in sugar metabolism in bilberries, including the 
invertases, hexokinases, fructokinases, sucrose synthases and phosphatases (paper III). We also showed 
that red and blue light can influence almost all the different sugar metabolic pathways such as glucose, 
fructose, galactose metabolic routes, as well as starch biosynthesis and degradation occurring in storage 
plastids (paper III). In bilberries, it has been shown mainly that both red and blue wavelengths could 
influence the starch metabolism by up-regulating the amylases, where the starch will be converted to 
primary hexose sugars. Previous studies have shown that the soluble sugar contents in crops such as 
tomato, lettuce and celery increased significantly when treated with combination of red and blue light 
ratios (Liu et al. 2010; Gao et al. 2015; Chen et al., 2019). Invertases, which are the primary enzymes 
involved in the conversion of sucrose in different cellular spaces and organelles, maintain the sugar 
homeostasis but also respond mainly to abiotic signals (Zhang et al. 2017). In the present results, the 
vacuolar invertases were up-regulated and contributed to the increase in total sugar content under red 
and blue light, whereas, cell wall acid invertases reacted opposite way and were down-regulated by both 
wavelengths. These dynamic characteristics of invertases are related with some previous studies. For 
instance, the abundance of invertases was found to be lower after combination of red and blue light 
treatment in tomato fruit, which indicated that light quality could affect starch and sucrose metabolism 
and increase the soluble sugar content in fruit (Dong et al., 2019). The current study also found opposite 
regulation of some hexose interconverting genes such as phosphoglucomutase (PGM) and α-
galactosidase from the galactose metabolism between red and blue light treatments (paper III). 
Likewise, previous studies have shown that the fructo- and hexokinases are other key genes involved in 
metabolism of sugars and contribute toward the soluble sugar accumulation in ripe fruit (Yu et al. 2016). 
The up-regulation of PFK, FK and HK genes under red and blue light in our study resulted in higher 
amount of soluble hexoses. These hexose end products can be also further utilized in energy yielding 
processes such as glycolysis (Yao & Wu, 2016). The related gene expression from some isoforms and 
enzyme activities was found consistent with the quantification of soluble sugars in fully ripe bilberries. 
Whereas, the up-regulation of vacuolar invertases, amylases and hexose-kinases were responsible for 






9 Conclusions and future perspectives 
The current study combines transcriptomics and metabolite analyses to reveal the effect of light quality 
to anthocyanin and sugar biosynthesis in ripening bilberries. The findings concluded highest 
accumulation of anthocyanins under red light in naturally ripening bilberry fruit, which seems to be 
mediated via ABA metabolism and signaling. A parallel study showed differences in light quality 
perception between berries ripening detached and naturally attached in the plants, and concluded that 
both ripening conditions are positively regulated by red and blue light, and that the regulation 
mechanisms are not similar. Finally, the study was concluded with deciphering the role of light quality 
on sugar accumulation from the characterized sugar metabolism-encoding genes in bilberry. The key 
genes from starch and sucrose biosynthesis, which include the amylases, invertases and hexose-kinases 
were found to be differentially expressed under red light, and these results were further backed up by 
the increase in glucose and fructose amounts from the sugar content analysis.  
The study also opened up new insights on anthocyanin transport mechanisms mediated by vesicular 
transport under light quality treatment, and documented the role of SNARE proteins in trafficking the 
several-fold increased anthocyanin accumulation response under red light. Therefore, the work provides 
a platform for hypothesis-building for the future research into the precise functions of these SNARE 
proteins during fruit development, especially with responses to the environmental signals. The 
independent detached ripening of bilberries that resulted in highest anthocyanin accumulation might 
further lead into studies unraveling autocatalytic hormonal signaling similar to that of climacteric fruits 
during ripening. The possible interlinking role of photomorphogenesis regulatory mechanisms with 
transduction pathways including ethylene and ABA signalling also needs to be investigated further in 
order to understand the hormonal regulation on independently ripening bilberries under enhanced light 
environments.  
All these extensions of the current study will further provide deeper understanding on light-mediated 
physiological regulatory mechanisms on accumulation of major phytocompounds, such as anthocyanins 
and sugars in Vaccinium and other wild berries. The optimal supplemental light conditions could be also 
be applied in controlled indoor commercial berry cultivation practices to achieve the maximal berry 
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Light spectral quality is known to affect flavonoid biosynthesis during fruit ripening. However, it is 
unknown how non-climacteric fruits, which ripen autonomously and independent of the parent plant, 
respond to different spectral light.  In this study, we have analyzed the effect of light quality from LED 
lights on detached and naturally ripening non-climacteric wild bilberry fruits (Vaccinium myrtillus L.) 
accumulating high amounts of anthocyanins and flavonols. Our results indicate differential opposing 
responses towards red and blue light treatments on phenolic compound accumulation in detached and 
naturally ripening berries. For detached berries, blue light resulted in the highest accumulation of total 
anthocyanins (>4400 mg 100g-1 DW) compared with attached berries which had higher accumulation 
of anthocyanins under red light treatment (3500 mg 100g-1 DW). Overall, both red and blue light 
treatments increased the expression levels of all the major regulatory and biosynthetic genes of the 
flavonoid pathway, between four to seven days of continuous exposure to mid-ripening stage berries, in 
both detached and non-detached conditions. The expression levels of VmMYBA1, one of the key 
regulatory genes of anthocyanin biosynthesis, was found to be 5-fold higher in response to blue light in 
detached berries compared to other treatments. The blue light-mediated increase in anthocyanin 
concentration in detached berries was due to similar increases in delphinidin, cyanidin, petunidin and 
malvidin classes of compounds. In addition, the differential response of light treatment was found in 
accumulation of flavonols, especially with myricetin, syringetin and laricitin glycoside derivatives. The 
elevated concentration of anthocyanins detected in detached berries under supplemental light opens up 
new insights in understanding the light-mediated and plant-independent regulatory mechanisms in non-
climacteric fruit ripening.  
Keywords: anthocyanins, LED light quality, bilberry (Vaccinium myrtillus L.), flavonoids, polyphenols 
 
Highlights 
- Detached ripening when the fruits are picked before maturity is atypical in non-climacteric 
species and could heavily reduce fruit quality and phytochemical accumulation. 
- Bilberry fruits, a non-climacteric species accumulated the highest anthocyanin levels under 
blue-light and in detached conditions when picked at green, unripe stage. 
- In contrast, red-light promoted flavonoid compounds accumulation including anthocyanins and 
flavonols in naturally ripening attached berries. 
- Flavonoid biosynthesis is differentially regulated through the key photomorphogenesis 




Fruit ripening is a complex process associated with determining various quality attributes, such as 
firmness, color, flavor and aroma development. Anthocyanins are a class of phenolic compounds that 
accumulate in high levels as pigments during ripening, providing distinct red or blue coloration to some 
fruits (Oh et al., 2018; Zifkin et al., 2012). Although anthocyanins majorly contribute to the phenolic 
composition, flavonols represent >30% in edible berries, in which quercetin and myricetin glycosides 
were the dominant compounds among flavonols (Wang et al., 2014; Häkkinen et al.,1999). These 
compounds are synthesized via the flavonoid pathway branching from the well characterized 
phenylpropanoid biosynthetic pathway and through a series of enzymatic reactions. This leads to the 
production of different anthocyanidin classes such as delphinidins, cyanidins, malvidins, petunidins and 
peonidins as end products of this metabolic pathway (Petroni et al., 2011). The key early enzymes 
involved in flavonoid biosynthesis are chalcone synthase (CHS) and flavonoid hydroxylases, F3'H and 
F3'5'H, that cleave the pathway into cyanidin and delphinidin branch, respectively. Flavonols, such as 
quercetin and myricetin derivatives, are synthesized from diverging enzymatic reaction from 
dihydroflavonols by flavonol synthase (FLS). The late anthocyanin biosynthetic enzymes, such as 
dihydroflavonol 4-reductase (DFR) and anthocyanidin synthase (ANS), are involved in production of 
cyanidins and delphinidins. UDP-glucose flavonoid 3-O-glucosyltrasnferase (UFGT) performs the last 
glycosylation steps to the 3-hydroxyl group of anthocyanidins (Zhai et al., 2014). Anthocyanin 
biosynthesis is also regulated by the R2R3-MYB transcription factors which have been shown to directly 
interact with promoters of key flavonoid biosynthetic genes such as DFR, ANS and UFGT (Plunkett et 
al., 2018; Die et al., 2020). MYBA1 and MYBPA1.1 were recently reported in Vaccinium berries and it 
has been shown that they actively promote anthocyanin biosynthesis in skin and flesh during ripening 
(Karppinen et al. 2021). 
Light is known to be one of the major environmental factors controlling fruit ripening (Abeysinghe et 
al., 2019). Certain wavelengths from the photosynthetically active radiation range (PAR spectrum) are 
known to positively influence and alter plant secondary metabolism (Ouzounis et al., 2015). Light 
qualities and intensities can affect flavonoid biosynthesis and anthocyanin accumulation as reported in 
many plant species (Liu et al., 2018; Ma et al., 2019). The spectral wavelengths from the solar radiation 
are perceived by specific plant photoreceptors that interact upon constitutive photomorphogenic 1 
(COP1) gene, which is one of the key photomorphogenesis controllers (Wu et al., 2019). It interacts 
with light-inducible genes such as SPA1 (suppressor of phytochrome-A) and forms a complex, leading 
to a tightly regulated signal cascade mechanism resulting in changes in expression of both regulatory 
and structural genes of the flavonoid biosynthetic pathway (Miao et al., 2016). The COP1 repressor 
specifically acts in degradation of positive regulators of anthocyanin biosynthesis, such as elongated 
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hypocotyl 5 (HY5) and R2R3-MYB transcription factors under altering light and dark conditions (Ma et 
al., 2021).   
Supplemental light emitting diodes (LEDs) are widely used in pre- and postharvest fruits to improve the 
composition ofbioactive compounds (Kokalj et al., 2019; Panjai et al., 2019). Such high intensity light 
treatments can result in dramatic variation in accumulation of specific flavonoid end products such as 
flavonols, proanthocyanidins and anthocyanins. These low-heat dissipating lights can be also used to 
study the effect of single-wavelength spectral light qualities on plant primary and secondary metabolism. 
For example, blue and red light at different ratios has been shown to improve the biomass, 
photosynthesis and anthocyanin production in a medicinal plant (Silva et al., 2020). These two major 
light wavelengths have been widely shown in many fruit and vegetable crops for improved secondary 
metabolites production (Bian et al., 2014). The enhanced bioactive compounds biosynthesis is often 
associated with plant’s own photoprotection mechanisms, developed against variable high light 
environments (Tran et al., 2021). 
Non-climacteric fruits lack the independent ripening mechanisms when picked early before maturation, 
because, unlike climacteric species, they lack autocatalytic ethylene biosynthesis. Ripening in non-
climacteric fruit is often associated with increases in another plant hormone, abscisic acid (ABA), where 
the levels tend to increase at the beginning of fruit maturation. However, the role of ABA has been 
equally documented in both climacteric and non-climacteric fruit ripening (Jia et al., 2011; Pilati et al., 
2017). Determining the nature of fruit ripening based on hormonal release at onset is often misleading 
and varies across species as documented in a study on strawberry, where certain attributes mimicked 
climacteric fruit characteristics in planta (Iannetta et al., 2006). Thus, even if non-climacteric fruits were 
able to ripen independently of the mother plant or picked before maturation, it is important to investigate 
if the fruit quality or metabolic profile is affected. For example, the capability of strawberries to ripen 
when picked at the green stage was reported earlier but they were heavily devoid of fruit qualities such 
as aroma, mass and bioactive compounds (Van de Poel et al., 2012). Hence, the lack of photosynthesis 
(Das et al., 2011) and source-sink modulation from other tissues such as leaves are vital in determining 
the fruit quality of detached berries as shown in grapevine, where the leaf area and fruit composition are 
positively correlated (Kliewer & Dokoozlian, 2005).  
Among the edible wild berries, bilberry (Vaccinium myrtillus L.), which is native to Northern Eurasian 
boreal regions, is gaining worldwide attention for its rich bioactive and nutritional properties (Pires et 
al., 2020). It is widely regarded as one of the richest sources of polyphenolic compounds, especially 
anthocyanins and other related flavonoids, which accumulate in both skin and flesh during ripening 
(Colak et al., 2018). In relation to bioactivity, the berry polyphenolic compounds are known to possess 
cardio-protective properties, anti-carcinogenic, anti-inflammatory and antioxidant activities (Korus et 
al., 2015; Seeram et al., 2008).  
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In our recent study, we have shown that supplemental light can regulate anthocyanin biosynthesis in 
naturally ripening bilberry, and especially red light promoted anthocyanin accumulation, mediated 
through ABA signaling and metabolism (Samkumar et al., 2021). But to our knowledge, studies on 
biosynthesis of flavonoids comparing natural and atypical ripening of detached, non-climacteric fruit in 
response to different light quality treatments has not been fully characterized and reported before. 
Therefore, the current study is aimed at understanding the biosynthesis of flavonoids, specifically 
anthocyanins and flavonols, in detached berries. These are picked at the green stage and allowed to ripen 
for comparison with berries ripening naturally on the plant and under supplemental light conditions. The 
outcome of this work will benefit the understanding of differential light responses in fruit ripening that 
could lead to better adaptation strategies in determining berry fruit quality and marketability. 
 
2. Materials and methods 
2.1 Plant material and light treatments 
Wild bilberry (Vaccinium myrtillus L.) bushes with intact root systems and forest soil were collected in 
large boxes (50 x 70 cm) during mid-summer (July month) when the green berries started to appear from 
the flowers. The bilberry ecotype used throughout this experimental study were collected from the open 
vegetation covers near Tromsø, Norway (69° 75′N, 19° 01′E). The bilberry bushes were kept in 
phytotron conditions at 16°C for few days to acclimatize until they started to increase in size. For the 
experiments with detached berries, unripe green berries were picked from the same stand and kept in 
sterile distilled water until they were divided into samples for the light treatments. The berries were 
rinsed a few times with sterile water and 50 berries were placed into each petri dish with 20 ml of sterile 
water and closed with parafilm. The petri dishes were placed under the lamps in triplicates for each 
treatment.  
The bushes in boxes and detached berries in petri plates were placed inside the chambers covered by 
photo reflective sheet with ambient natural light provided from the top. The temperature was maintained 
at 16°C inside the chamber. Heliospectra RX30 lamps (Heliopsectra AB., Gothenburg, Sweden) to 
irradiate blue (460 nm), red (660 nm) and far-red (735 nm) light wavelengths were inside the chambers. 
The plants and petri plates kept under the shaded dark chambers only received ambient light from the 
top, serving as a dark control. The plants and petri plates kept under normal greenhouse conditions with 
ample ambient light (400-700 nm) served as positive control (white) for this experimental setup. The 
photon fluence rate inside the chambers ranged from 8.0-10.0 μmol m−2 s−1. The irradiation energy flux 
(μW cm-2) and the distance from light source to plants from all the light treatments were measured using 
JAZ Spectrometer (Ocean Optics Inc., FL, USA). These parameters were used to calculate the relative 
light intensity (Fig S1). The changes in berry skin coloration were assessed and scored visually in 
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detached berries after 2, 5, 7 and 12 days from the beginning of light treatments. For RNA isolation, 
berry samples (5-6 berries) were collected on 0, 2, 4, 7 and 11 days. Leaves and ripening berry samples 
from the bushes were also collected at the same time-points. For metabolite screening, fully ripe berries 
(blue colored berries) were collected approximately after 4 weeks of light treatment from the bilberry 
bushes and until all the berries fully ripened in petri plates (12-14 days). A minimum of 20 berries per 
replicate were collected from detached berries experimental setup and bushes after 14 days for 
spectrophotometric analysis and FRAP antioxidant assays. All the berry and leaf samples were 
immediately frozen in liquid nitrogen and stored at -80°C until used for further analyses. 
2.2 RNA extraction and cDNA synthesis 
The frozen berries and leaves were ground to a fine powder under liquid nitrogen using mortar and 
pestle. Total RNA was isolated from approximately 120 mg tissue powder by using Spectrum Plant 
Total RNA kit (Sigma-Aldrich, St. Louis, MO, USA) following the manufacturer’s instructions. The 
residual DNA was eliminated with on-column digestion using DNase I (Sigma-Aldrich). The RNA was 
qualified and quantified using a Nanodrop (Thermo Fischer Scientific, Waltham, MA, USA). First-
strand cDNA was synthesized using Invitrogen Superscript IV reverse transcriptase (Thermo Fisher 
Scientific) using 1μg of total RNA according to manufacturer’s instructions. 
2.3 qRT-PCR analysis 
Real-time quantitative reverse transcription PCR (qRT-PCR) analysis was performed in MJ 
MiniOpticon Real-time PCR system (Bio-Rad laboratories, Hercules, CA, USA) using SSOFast 
EvaGreen SYBR supermix (Bio-Rad) in 15 μl volume per reaction. The PCR conditions were 95°C for 
30 sec (initial denaturation) followed by 40 cycles at 95°C for 5 sec, and 60°C for 10 sec. The program 
was further followed by a melt-curve analysis ranging from 65°C to 95°C with an increment of 0.5°C 
every cycle. All analyses were performed in three biological replicates and two technical replicates. The 
results were analyzed using CFX connect software (Bio-Rad) using 2(−ΔΔCt) method. The relative 
expression levels were normalized with either GAPDH (glyceraldehyde-3-phosphate dehydrogenase) or 
Actin. Primer sequences for all genes used in this study are listed in Table S1. 
2.4 Analysis of total polyphenols, total anthocyanins and total flavonoids 
Berry samples collected after two weeks and at the end of light treatment from the bushes and petri 
plates were ground to a fine powder under liquid nitrogen and freeze dried in lyophilizer (Virtis 
benchtop-K, SP scientific, Gardiner, NY, USA). Approximately 100 mg of lyophilized berry powder 
was subsequently extracted in 1ml of 100% methanol+0.1% HCl (v/v) under constant shaking for 1 




Total soluble polyphenols were spectrophotometrically determined according to Doumett et al., (2011) 
using Folin-Ciocalteau phenol reagent. The absorbance was measured at 740 nm and polyphenol 
concentrations were calculated based on a catechin calibration standard curve. The results were 
expressed as milligrams of catechin equivalent 100 g-1 dry weight (DW) of berries.  
The aluminum chloride based spectrophotometric method was used for the determination of the total 
flavonoid content according to Chang et al. (2002). Quercetin was used for the standard calibration 
curve. The absorbance of the reaction mixtures was measured against blank at 420 nm. The total 
flavonoid content in the samples was calculated from the calibration curve and expressed as mg 
quercetin equivalent 100g-1 of dry weight (DW) of plant material.  
Total monomeric anthocyanins were quantified using the pH differential method (Lee et al., 2005). The 
absorptions in reaction mixtures from the changes in pH of two buffer systems were measured at 520 
nm and 700 nm. The anthocyanins were calculated based on the differential equation mentioned in Lee 
et al. (2005). The relative amounts were expressed as cyanidin 3-glucoside equivalents in mg 100g-1 of 
dry weight (DW). All the above analyses are performed with three independent biological replicates of 
samples from detached berries and berries attached to bush.  
2.5 LC-MS analysis of polyphenols 
For liquid chromatography-mass spectroscopy (LC-MS) analysis, 100 mg of lyophilized tissue powder 
per sample was used followed by extractions with 1ml of acidified methanol prepared as mentioned 
above and the collected supernatants were dried by vacuum spin to remove excess methanol. The 
extracts were resuspended in 500 µl of 20% methanol and filter sterilized using 0.45µm syringe filter 
(Phenomenex, Torrance, CA, USA). The samples were diluted to 1:10 before injecting into the 
chromatography column. 
Polyphenols were separated using a Luna Omega C18 (100 × 2.1 mm, 1.6 μm) column maintained at 
40°C. The mobile phase: A = 0.2% formic acid and B = 100% acetonitrile at a flow rate of 400 μL min-
1. The solvent gradient was: initial composition 95% A, 0-0.5 min; linear gradient to 60% A, 0.5–7 min; 
linear gradient to 5% A, 7-12 min; composition held at 5% A, 12-16 min; linear gradient to 95% A, 16–
16.2 min. The injection volume for samples and standards was 1 μL. The micrOTOF QII parameters 
were: temperature 225°C; drying N2 flow 6 L min–1; nebulizer N2 1.5 bar, endplate offset 500 V, mass 
range 100–1500 Da, data were acquired at 5 scans s–1. Negative ion electrospray was used with a 
capillary voltage of 3500 V. Polyphenolic concentrations were calculated by comparison to external 




2.6 LC-MS analysis of anthocyanins 
Anthocyanins were separated using a Luna Omega Polar C18 (100 × 2.1 mm, 1.6 μm) column 
maintained at 50°C. The mobile phase was composed of solvents: A = 5% formic acid in water and B = 
100% acetonitrile at a flow rate of 300 μL min-1. The solvent gradient was: initial composition 95% A, 
0–0.5 min; linear gradient to 85% A, 0.5–10 min; linear gradient to 60% A, 10–20 min; linear gradient 
to 5% A, 20–25 min; composition held at 95% A, 25–28 min; linear gradient to 95% A, 28–28.2 min; 
to return to the initial conditions. The injection volume and the micrOTOF QII parameters were as 
above. Positive ion electrospray was used with a capillary voltage of 3000 V. All the anthocyanins were 
quantified as cyanidin 3-O-glucoside (Extrasynthese, Genay, France) equivalents 100 mg-1 of sample 
DW.  
2.7 FRAP antioxidant activity assay  
Ferric reducing antioxidant power (FRAP) assay was used to measure the antioxidant potential 
according to Benzie & Strain (1996). FRAP reagent was prepared with 10 volumes of 300 mM acetate 
buffer (pH = 3.6), 1 volume of 10 mM 2,4,6-tripyridyl-s-triazine in 40 mM HCl and 1 volume of 20 
mM FeCl3. Aliquots of 100 µL of test samples along with 300 µL of distilled water were added to 3 mL 
of FRAP reagent pre-warmed at 37°C. After two hours of incubation in the dark, absorbance was read 
at 593 nm. The results were calibrated from the standard curve prepared from different amounts of FeCl3 
(100-500 µg) with FRAP reagent and expressed as mmol Fe (II) 100g-1 of DW berries. 
2.8 Statistical analysis 
Statistically significant differences among gene expression levels obtained from qRT-PCR analysis 
between the control and light treatments were determined using independent t-test in IBM SPSS 
statistics v26 software package (IBM corporation, Armonk, NY, USA). Concentrations of anthocyanins 
and polyphenols between the light treatments and experimental setups were analyzed by ANOVA, 
comparison of means followed by Tukey’s post-hoc test. All the visualizations and ANOVA were 
performed in Origin pro software v2020b (OriginLab Corporation, Northampton, MA, USA). 
 
3. Results and Discussion 
There are several earlier studies which have shown that specific spectral light wavelengths can stimulate 
the biosynthesis of flavonoids during ripening of fruits, including few species from the Vaccinium genus 
(Ma et al., 2019; Zhang et al., 2018; Zhou et al., 2002; Samkumar et al. 2021). So far, there have not 
been any comprehensive studies investigating the effect of spectral light qualities in ripening non-
climacteric berries from both living plants and in detached conditions. Postharvest ripening, when the 
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fruit is picked before maturity, is unusual in non-climacteric species where many studies have previously 
reported that the fruit quality had deteriorated over time (Llorca et al., 2019; Van de Poel et al., 2012). 
Therefore, this study is one of the first to report the changes in the metabolite profiles and gene 
expression related to flavonoid biosynthesis from postharvest unripe green berries compared with 
berries ripening naturally under different spectral light qualities. Our results revealed dramatic 
differential changes in the composition of flavonoid compounds between the detached and naturally 
ripening bilberries (attached) under different light treatments. 
 
3.1 Berry skin coloration in detached berries under light treatments 
 
Under supplemental light irradiation and when compared with control, a rapid change in skin coloration 
of detached berries was observed, where all the berries appeared to be fully ripened after two weeks in 
petri plates. It has been shown in strawberries that detachment could accelerate stress related ripening 
process including rapid coloration (Chen et al., 2014). Red light had the highest effect of anthocyanin 
accumulation in berry skins that turned from green to blue-colored berries, as visually observed, between 
two and five days (Fig 1a, b). The clear difference in visual scoring of berry skin coloration (green to 
blue) can be seen after seven days of light treatment (Fig 1c). From our metabolite analyses, the 
anthocyanin content was found to be the highest under blue light in fully ripe detached berries after 14 
days, but rapid blue coloration in berry skin was observed under red light (Fig 1). It suggests that the 
anthocyanin profile could differ in skin and flesh tissues even under altering light conditions as shown 
earlier in grape (Guan et al., 2016).  
 
3.2 Effect of light treatment on total polyphenolic compounds 
We estimated total polyphenols (TPH), total flavonoids (TF), total monomeric anthocyanins (TMA) and 
determination of antioxidant potential using FRAP assay (Figure 2). The highest TMA was quantified 
at 4615 and 4737 (mg 100g-1 DW cyanidin-3 glucoside equivalent) in ripe berries from bush and 
detached berries respectively. This significant increase is mainly due to red light in attached berries and 
blue light in detached berries when compared to control. A previous study in cranberry (Vaccinium 
macrocarpon) has shown that red light could selectively induce anthocyanin biosynthesis (Zhou et al., 
2002). From our results, we have shown that the total monomeric anthocyanins, total polyphenols and 
total flavonoids were increased mainly by red light in attached berries that were ripening naturally on 
the bush (Fig 2a-d).  
 
On the other hand, in bilberry, blue light was also promoting flavonoid biosynthesis to a certain extent 
in attached conditions but to the highest level in detached ripening berries (Fig 2a-d). Blue light has 
been previously reported in several studies as a positive influencer of anthocyanin biosynthesis in many 
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crops. For instance, blue irradiation promoted the bioactive compounds during pre-harvest conditions 
in kale and increased the anthocyanin content in postharvest strawberry fruit (Jiang et al., 2021; Xu et 
al., 2014). TF was found to be at almost similar levels at 8434 and 8905 (mg 100g-1 DW quercetin 
equivalent) between both the highly impacted light treated samples (red and blue light). Similarly, TPH 
was estimated at 9608 and 8838 (mg 100g-1 DW catechin equivalent) respectively. Both red and blue 
light treatment tend to significantly increase the phenolic compounds in general, but the trend is closely 
followed by far-red treatment in detached berries which yielded more flavonoids than control samples.  
 
The polyphenolic compounds, which include flavonols and anthocyanins, contribute to the overall 
antioxidant capacity of these small berries (Zorzi et al., 2020). The relatively high concentration of 
phenolic compounds observed in red light (attached) and blue light (detached) treatments contributed to 
the overall antioxidant potential of the berries as estimated using FRAP assay (Fig 2d). However, this 
is not the same case, where the increased phenolic content under far-red light treated berries have lower 
antioxidant activity than control samples. Thus, we highlight the importance of environmental factors, 
such as external light irradiation, that could potentially determine the phenolic profile of the berry 
towards higher antioxidant potential. Also, the biochemical regulatory networks and signals from other 
source tissues could be altered in detached conditions when compared with non-detached fruits. Some 
of the major differences could be due to the limitation of photosynthesis, carbon-sugar homeostasis, 
lack of substrates flow from other tissues such as leaves (source-sink modulation) in detached berries 
when compared with attached berries from plants ripening under natural conditions (Yang et al., 2018).  
 
3.3 Differential effect of light quality on anthocyanin accumulation in detached and attached 
berries 
 
Anthocyanins were the prominent compounds affected by light quality treatments, mostly influenced by 
red light in naturally ripening bilberries and by blue light in detached berries (Fig 3, Table S2). 
Delphinidins were the most affected and reactive towards spectral light treatment, as similarly reported 
in a previous study (Zoratti et al., 2014). The delphinidin glycosides (glucoside, galactoside and 
arabinoside) were the most differentially accumulating anthocyanin compounds in response to light 
qualities as quantified by LC-MS (Table S2).  The highest concentration of delphinidins was found in 
attached berries (1529 mg 100g-1 DW) and under the positive influence of red light followed by blue 
light treatment in detached berries (1290 mg 100g-1 DW) (Fig 3a, d). In both cases, delphinidins 
contributed as the major constituent towards the increase in total anthocyanins. Cyanidin, on the other 
hand, was not majorly influenced by supplemental light treatments in either of the ripening conditions. 
Interestingly, we found that in detached berries, blue light increased the total anthocyanins, even higher 
than in bilberries attached to the bush (Fig 3c, S2). This is interesting concerning the nature of non-
climacteric fruit ripening, considering that detached berries lack hormonal signaling from leaf tissues 
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and have limited substrate flow. Also, the increase in overall anthocyanin composition in detached 
berries was evenly distributed among all the anthocyanin classes except peonidins (Fig 3d). The highest 
elevated total anthocyanin level detected in detached berries under the influence of blue light (4440 mg 
100g-1 DW), was majorly contributed by delphinidins alongside an even distribution of cyanidins, 
malvidins and petunidins (Fig 3c). Interestingly, under the influence of red light in naturally ripening 
attached berries, the elevated total anthocyanin content (3500 mg 100g-1 DW) was mostly contributed 
by the delphinidin class of anthocyanins alone (43.4%) (Fig 3d). Both red and blue light treatments have 
earlier been shown to increase anthocyanin content in fruit and leaf tissues under controlled conditions 
(Lobiuc et al., 2017; Zhang et al., 2018). The most interesting finding in our study was how both the 
light qualities were perceived and differentially regulated regarding anthocyanin biosynthesis in 
detached and non-detached berries. An earlier similar study also showed that how UV A/B/C light could 
differentially regulate the anthocyanin accumulation by affecting the downstream biosynthetic genes 
such as DFR and UFGT in pre- and postharvest blueberries (Vaccinium corymbosum) (Yang et al., 
2018).  
 
3.4 Differential effect of light quality on accumulation of flavonols in detached and attached 
berries 
Flavonols, on the other hand, were highly influenced by red light treatment in both naturally ripening 
berries as well as detached berries (Fig 4, Table S3). It was closely followed by far-red light, which is 
found to be much more effective in increasing flavonol compounds than other light treatments. LC-MS 
analysis showed that myricetin 3-glucoside and its derivate laricitin 3-glucuronide compounds were 
significantly increased in attached berries under red light treatment compared to control and other light 
treatments (Fig 4 a, b). Both blue and far-red light treatment also had a positive influence on these 
classes of compounds (Table S3). This is in accordance with a study which shows that quercetin 
compounds can be influenced directly by continuous far-red light and can be differentially regulated 
from anthocyanin content through phytochrome-induced biosynthesis (Beggs et al., 1987). Quercetin 3-
arabinopyranoside did not show any significant increase under the influence of light treatments (Fig 4c). 
Syringetin 3-glucuronide was found to be significantly increased in detached berries by blue light 
followed by far-red light treatment (Fig 4d). Interestingly, gallocatechin, which was detected in very 
low levels in control and other treatments, increased almost 4-fold under red light treatment in attached 
berries (Fig 4e). The procyanidin dimers (B1, B2, C1) were not found to be significantly affected by the 
light treatments (Fig 4f, Table S3), but procyanidin C1, B2 was increased in attached berries under the 
influence of far-red light. Overall, the total flavonols concentration was found to be higher in red light 
treatment for berries ripening in bush (240 mg 100g-1 DW) compared with other light treatments (Table 
S3). In detached berries, red light (254 mg 100g-1 DW), followed by far-red light (246 mg 100g-1 DW), 
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increased the total flavonol concentration. The effect of far-red was also seen on caffoyl-4-glucoside 
concentration on both detached and attached berries (Table S2). Nandinaside-A (C22H22O10) was 
detected in increased levels only in dark shaded control samples (Table S2). Leucocyanidin had a very 
similar trend in concentration levels to the observed total anthocyanin amounts with red light influencing 
in attached and blue light in detached berries (Table S2). Epicatechin and trans-p-coumaric acid were 
found in increased levels in our analysis under far-red light, whereas catechin concentrations were 
elevated by red light in naturally ripening berries (Table S3). A previous study in bilberry which 
quantified the total flavonol concentrations corresponding to the effect of monochromatic red, far-red 
light in ripe bilberries and was found in accordance with our metabolite analysis (Zoratti et al., 2014). 
 
3.5 Expression profile of flavonoid biosynthesis genes 
The relative expression of key flavonoid biosynthetic genes from berries of both attached and detached 
experimental setups was analyzed over the time course (from day zero to day 11) (Fig 5a, b). Red light 
increased the key early biosynthetic gene VmCHS expression on day 4 in detached berries and 7th day 
in attached berries under blue light, respectively. VmDFR expression was shown to steadily increase 
with the highest level observed under blue light treatment in both setups on the 7th day of the treatment. 
Interestingly, far-red light also tends to increase the DFR expression levels after seven days in detached 
berries (Fig 5 a, b). Expression of the cyanidin and delphinidin branchpoint enzyme genes, the flavonoid 
hydroxylases (VmF3'H, VmF3'5'H), was found at significantly higher level in attached berries from the 
bush under red light at 4th day, whereas the blue light appeared to increase the expression of these genes 
at later time points. In detached berries, red light was found to influence the VmF3'H expression only 
after 7 days whereas both red and blue light treatments significantly increased expression of VmF3'5'H 
after 7 days (Fig 5 a, b). In naturally ripening berries, flavonols and anthocyanin concentrations could 
be correlated with VmF3'H, VmDFR and VmF3'5'H expression, where red light increased the expression 
levels of these genes after four days of light treatment (Fig 5a). Whereas in detached berries, VmF3'5'H 
and VmDFR expression, which steadily increased after seven days under blue light, could be directly 
linked to increased anthocyanin accumulation. The positive influence of red light on VmF3'H and 
VmDFR gene expression levels could also be related to the accumulation of flavonols in detached berries 
(Fig 5b). 
The expression of the late biosynthetic genes such as VmANS was found to show similar trends (Fig 6 
a, b) in both experimental setups. VmUFGT transcript levels, on the other hand, increased under red 
light in berries attached to bushes after four days and under blue light in detached berries after seven 
days of irradiation. Interestingly, one of the key anthocyanin regulatory transcription factors, 
VmMYBA1, was found to be five-fold higher in detached berries under blue light (Fig 6 a, b). Under red 
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light, both VmMYBA1 and VmMYBPA1.1 had the highest expression levels after 4 days of treatment in 
attached berries (Fig 6a, b). A similar expression pattern was found in late biosynthetic genes, such as 
VmANS and VmUFGT expression in naturally ripening berries, which coincides with the anthocyanin 
accumulation under the red light with an increase in expression between four to seven days of light 
treatment (Fig 6a). In detached berries, VmUFGT was found to increase under blue light between seven 
to nine days, coinciding with the accumulation of anthocyanins (Fig 6b). It suggests that certain key 
biosynthetic genes perform the light-dependent regulation in both experimental setups in a totally 
different manner. The regulatory gene VmMYBA1 expression was found to be the key component for 
highly elevated anthocyanin levels in detached berries under blue light (Fig 6b). This also indicates that 
it might be the key factor driving the blue light-mediated anthocyanin accumulation in detached, 
independently ripening berries by specifically interacting with the late biosynthetic genes. MYBA1 has 
been earlier reported as one of the key regulators of anthocyanin biosynthesis in Vaccinium berries, 
activating the promoters of DFR and UFGT (Die et al., 2020; Plunkett et al., 2018). Whereas both 
VmMYBA1 and VmMYBPA1.1 showed very similar expression patterns in naturally ripening berries 
under the influence of red light, suggesting that both of these MYB transcription factors might co-
regulate anthocyanin biosynthesis (Fig 6a, b). It has been recently reported that these two MYBs are the 
key regulators of anthocyanin biosynthesis during bilberry ripening (Karppinen et al., 2021). 
We did not observe significant differences in expression levels of most of the flavonoid biosynthesis 
related genes in bilberry leaves between control and light treatments. Apparently, only VmCHS 
expression increased under red light treatment in leaves. It appeared to have a synergetic effect to that 
of expression in berries, with the highest level reached under blue light after 2 days, and red light 
increased the expression rapidly from 4th day onwards (Fig S2a). One of the major key regulatory gene 
in anthocyanin biosynthesis, VmMYBPA1.1 also showed significantly higher expression levels early in 
response to blue light treatment (Fig S2b), but steadily increased towards higher levels after 7 days, 
under both red and blue light. The leaves are mostly regarded as waste by-product in fruit crops, but in 
some species such as blueberry, the polyphenolic constituents in leaves were often found to be higher 
than fruits (Li et al., 2012; Zhu et al., 2013). In terms of molecular regulation, the most important role 
of leaves in attached berry ripening conditions could be modulating the source-sink balance which could 
potentially affect the berry coloration and anthocyanin composition (Bobeica et al., 2015). 
3.6 Expression profile of photomorphogenesis-related genes 
The effect of spectral light qualities on the VmCOP1-related regulatory mechanisms was not vastly 
influenced in detached berries, including VmHY5 expression. Bilberry has two characterized COP1 
genes (VmCOP1a, VmCOP1b) (Karppinen et al., unpublished), where both the genes, alongside 
VmHY5, had little effect in response to any light treatments in detached conditions (Fig 7 a, b).  In 
contrary, in naturally ripening berries, photomorphogenesis seems to have occurred and mediated via 
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VmCOP1b, the repressor of anthocyanin biosynthesis. Generally, in high light conditions, COP1 is 
exported to the cytosol which allows positive regulators, such as HY5, to accumulate in the nucleus, as 
its expression levels tend to increase after 7 days under red light treatment from our results (Fig 7b). In 
attached ripening berries under red light, the expression of both VmHY5 and VmCOP1b increased after 
7 days, whereas VmCOP1a expression was significantly increased under far-red light treatment after 2 
days (Fig 7a, b). The key interaction between COP and HY5 genes has been shown to determine the 
inhibitory effects and hyperaccumulation of anthocyanins under low and high light (Maier et al., 2014). 
Hence, detached berries ripening independently, and berries attached to the plant might have contrasted 
regulatory mechanisms and signaling routes to protect the tissues from high monochromatic light 
environments. The former showing a very strong systemic response by producing high levels of 
photoprotective anthocyanin compounds which also reflected in its overall antioxidant capacity. 
In climacteric fruits such as banana, apple and mango, ripening is usually mediated by an ethylene burst 
causing changes in respiration rates, which allows ripening even when detached from the plant (Adams-
Phillips et al., 2004; Symons et al., 2012). In contrary, non-climacteric fruits such as wine grapes and 
many other berries lack the autocatalytic ethylene biosynthesis in immature fruits, which prevents 
ripening on its own when picked and possible only with the involvement of plant signals or via 
exogenous hormonal regulation such as ABA (Cherian et al., 2014; Luo et al., 2014). The possibility of 
similar mechanisms found in climacteric fruits could exist, as documented by some of the studies that 
have shown the involvement of increased ethylene production before e véraison in grape (Chervin et al., 
2004), and the autocatalytic ethylene biosynthesis-like response observed in young citrus fruits (Katz et 
al., 2004). However, knowledge concerning independent ripening in non-climacteric fruits is still scarce 
and widely varies across species.  Further studies that compare fruit ripening with or without connection 
to mother plant will bridge the gap in understanding the independent ripening mechanisms and 




This study has shown that higher accumulation of anthocyanins and flavonols were achieved upon 
certain simulated light conditions even in green, detached non-climacteric species such as bilberry. Our 
results clearly show that flavonoid biosynthesis during ripening was positively influenced and 
differentially regulated in controlled experimental conditions. Blue light induced the highest 
anthocyanin accumulation in detached berries and red light stimulated anthocyanin biosynthesis in 
naturally ripening attached berries. The overall anthocyanin content was found to be highest and 
significantly elevated in blue-light treated detached berries with an even distribution of all the major 
anthocyanin classes of compounds. The current study has shown that Vaccinium berries could be used 
in further investigation of molecular mechanisms and hormonal regulation of independently ripening 
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non-climacteric fruits. Treatments with both supplemental blue and red light might be also considered 
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Fig 1.  Effect of light spectral qualities on skin coloration after 2nd and 5th day of observation from 
detached berries (A, B) ripening in petri plates (expressed in percentages from ± SE of 3 replicates of 
50 berries from each treatment). ‘Control’ represent the samples treated with normal white light (W) 
and under dark conditions (D). Berry skin coloration after 7 days of light treatment in detached berries 
(C). 
 
Fig 2.  Total soluble polyphenols of detached and attached berries expressed as mg catechin (CAT) 
equivalent 100 g-1 DW (dry weight) (A). Total monomeric anthocyanins expressed as mg cyanidin-3-
glucoside (CYA-3-GLU) equivalent 100 g-1 DW (B). Total flavonoids expressed as quercetin (QUE) 
equivalent 100g-1 DW (C). Ferric reducing/antioxidant power (FRAP) antioxidant activity assay 
expressed as FE (II) mmol 100g-1 DW (D).  Different letters indicate significance between the light 
treatments when measured using ANOVA with pairwise comparisons (p ≤ 0.05).  
 
Fig 3.  Concentrations of anthocyanins in mg 100g-1 DW (dry weight) quantified by LC-MS from fully 
ripe berries harvested from bush (A) and from detached conditions (B) under spectral light treatment. 
The amounts are expressed in average of three replicates ± SE from glucoside, galactoside and 
arabinoside-type derivatives from each class of anthocyanin compounds. Asterisks indicate significance 
between the light treatments when measured using ANOVA with pairwise comparisons (*p ≤ 0.05, **p 
≤ 0.01). The distribution of anthocyanin constituents shared from all the five classes from each 
experimental setup in response to a major positively affected light treatment (Red and Blue) is 
represented as pie charts. The distribution of red light affected anthocyanin profile in attached berries 




Fig 4.  Concentrations of flavonols under different light treatments, myricetin 3-glucoside (A), laricitrin 
3-glucuronide (B), quercetin-3-arabinopyranoside (C), syringetin 3-glucuronide (D), gallocatechin (E), 
and procyanidin B2 dimer (F) compounds in mg 100g-1 DW (dry weight) quantified using LC-MS from 
detached berries and fully ripe berries from bush at the end of light treatment. The amounts are expressed 
in average of three replicates ± SE. Asterisks indicate significance between the light treatments when 
measured using ANOVA with pairwise comparisons (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001) ‘nd’-not 
detected. 
 
Fig 5.  Effect of light spectral treatment on gene expression of early flavonoid biosynthetic genes in 
attached berries from bushes (A) and from detached berries (B), chalcone synthase (VmCHS), 
dihydroflavonol 4-reductase (VmDFR), flavonoid 3' hydroxylase (VmF3'H), flavonoid 3'5' hydroxylase 
(VmF3'5'H). The expression levels are normalized to the housekeeping gene VmGAPDH 
(glyceraldehyde 3-phosphate dehydrogenase) or actin. Error bars represents ±SE of three biological 
replicates and significant differences between control and light treatments were analyzed by comparison 
of means using student’s t-test (indicated in asterisks*) with p-value ≤ 0.05. 
 
Fig 6.   Effect of light spectral treatment on gene expression of late flavonoid biosynthetic genes and 
key regulatory genes in attached berries from bushes (A) and from detached berries (B), anthocyanidin 
synthase (VmANS), anthocyanidin 3-O-glucosyltransferase (VmUFGT), MYB transcription factors 
(VmMYBA1, VmMYBPA1.1). The expression levels are normalized to the housekeeping gene 
VmGAPDH (glyceraldehyde 3-phosphate dehydrogenase) or actin. Error bars represents ±SE of three 
biological replicates and significant differences between control and light treatments were analyzed by 
comparison of means using student’s t-test (indicated in asterisks*) with p-value ≤ 0.05. 
 
Fig 7.  Effect of light spectral treatment on gene expression of photomorphogenesis related genes in 
attached berries from bushes (A) and from detached berries (B), constitutive photomorphogenic 1 
(VmCOP1a, VmCOP1b), elongated hypocotyl 5 (VmHY5). The expression levels are normalized to the 
housekeeping gene VmGAPDH (glyceraldehyde 3-phosphate dehydrogenase) or actin. Error bars 
represents ±SE of three biological replicates and significant differences between control and light 
treatments were analyzed by comparison of means using student’s t-test (indicated in asterisks*) with 
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Bilberry is regarded as one of the best natural sources of anthocyanins and is widely explored for its 
health-beneficial compounds. Besides anthocyanins, one of the major attributes that determines the 
berry quality is the accumulation of sugars that provide sweetness and flavor to the ripening fruit. In this 
study, we have identified 25 sugar metabolism related genes in bilberry that are categorized into 
invertases, hexokinases, fructokinases, sucrose synthases and sucrose phosphatases. The results indicate 
that various isoforms of the identified genes express differentially suggesting that they might have 
specialized functions. The highest sugar content was found in fully-ripe berries with fructose and 
glucose dominating the composition with low sucrose amounts. The related enzyme activities across 
four berry developmental stages were further analyzed to understand the molecular mechanism of sugar 
accumulation. The activity of the invertases in the cell wall and vacuolar spaces tend to increase rapidly 
towards ripe berries. Amylase activity involved in starch metabolism was not detected in unripe berries 
and was only found at very low rate in ripe berries. Sucrose resynthesizing enzymes showed higher 
activity upon early ripening and had the highest activity in ripe berries. Interestingly, we found that 
continuous red and blue light supplemental irradiation triggered starch degradation by up-regulating 
both α- and β amylases, and contrasting differential expression pattern across sucrose, galactose and 
sugar-alcohol metabolism were found. Both enzymological and transcriptional data in the present study 
provide new understanding on the sugar metabolism during bilberry fruit development having major 
effect on the fruit quality.  
 











Carbohydrates are primarily formed during photosynthesis being the main energy source for plant 
growth and development (Rolland et al., 2006). They comprise of simple building units of 
monosaccharides (glucose, fructose, galactose), which can be combined through glycosidic bonds to 
form complex molecules such as disaccharides (sucrose), oligosaccharides (stachyose, raffinose) 
polysaccharides (starch) and derived sugar-alcohols (Hu et al., 2016; Moing, 2000). Glucose, fructose 
and sucrose are classified as soluble sugars. Starch being the non-soluble sugar that accumulates in 
storage tissues such as plastids and can be utilized only as reserve energy source (Cho et al., 2020; Wang 
et al., 2013). In addition to being precursors for energy yielding processes, the soluble sugars have been 
identified as signaling molecules in various plant metabolic processes and known to be involved in stress 
and defense responses (Tauzin & Giardina, 2014). During plant development, the soluble sugars are 
transported from photosynthetic-source tissues, such as leaves, towards sink tissues such as fruit, root 
and shoot (Hammond & White, 2008). In fruits, the amount and type of sugars accumulating during the 
ripening improve sweetness and flavor of fruit, thus, affecting to the quality of fleshy fruits (Borsani et 
al., 2009). In most fleshy fruits, glucose, fructose, and sucrose constitute more than 99% of sugar content 
followed by trace amounts of other minor carbohydrates and sugar-alcohols. 
Sucrose is the major sugar which is transported to sink tissues via phloem during fruit development. In 
fruit tissues, sucrose is either hydrolyzed to hexoses, such as glucose and fructose, by the invertases or 
converted to fructose and UDP-glucose by sucrose synthase (SS) (Verma et al., 2011). A schematic 
representation of the identified bilberry sugar metabolism genes is shown in Fig. 1. Three types of 
invertases are known to be involved in sucrose hydrolysis and degradation. A neutral invertase (NINV), 
which is predominantly localized in cytosol and two acid invertases, a soluble invertase bound to 
vacuoles (VINV) and an insoluble form found in the cell wall (CWINV) has been shown to be involved 
in plant sugar metabolism (Ruan et al., 2010). The cleaved hexoses from sucrose, i.e., glucose and 
fructose, found in extracellular space are further phosphorylated into glucose-6-phosphate (G6P), 
fructose-6-phosphate (F6P) by hexokinase (HK) and fructokinase (FK), respectively. These hexose 
phosphates are the precursors in energy-yielding glycolysis process leading towards the citric acid 
(TCA) cycle (Granot et al., 2013). The cleaved sugars from hydrolysis of sucrose into UDP-glucose and 
F6P by SS can be further involved in sucrose resynthese by sucrose phosphate synthase (SPS) and 
sucrose phosphate phosphatase (SPP). The degradation of sucrose and resynthesis, which is known as 
‘futile sucrose recycle’ is critical for accumulation of fruit sugars and thus playing a key role in fruit 
development (Nguyen‐Quoc & Foyer, 2001). 
Sugars being the primary determinants of fruit quality also vary in its composition and accumulation 
across fruit crops. In climacteric fruits such as apples and tomatoes, a gradual increase of sugar content 
can be seen towards fruit maturation (Li et al., 2012; Nguyen‐Quoc & Foyer, 2001), whereas in non-
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climacteric fruits such as grapes and strawberries, a rapid accumulation of sugars is reported only at 
later stages of ripening. (Akšić et al., 2019; Zhu et al., 2017). Some of the earlier studies on sugar 
metabolism related to fruit ripening have mainly focused only on few genes or isoforms and are not very 
comprehensive (Dai et al., 2016; Zhu et al., 2017).  
Apart from flavor enhancement, the roles of sugars in fruit development are diverse. Galactose, another 
important hexose sugar found comparatively only in very low amounts in fleshy fruits, has a major role 
in the reduction of cell-wall loosening during fruit ripening (Althammer et al., 2020; Brummell, 2006). 
Unlike sucrose metabolism, galactose pathway in plants is poorly understood. Galactose moieties are 
often associated with production of raffinose-type oligosaccharides including stachyoses in cell wall 
localized polysaccharides, which are derived from sucrose metabolism (Gangl & Tenhaken, 2016). 
Furthermore, sugar alcohols such as sorbitol, myo-inositol and galactinols are synthesized by α-
galactosyltransferases (α-gal), and they are known to be involved in protecting fruit tissues from 
dehydration by maintaining the cellular turgor pressure (Loescher, 1987). The hexose interconversion 
reactions in these pathways are usually mediated by UDP-glucose-pyrophosphorylases (UDPG-PP), 
phosphoglucoisomerases (PGI) and phosphoglucomutases (PGM) enzymes (Decker & Kleczkowski 
2019; Fig. 1). Some studies have shown the correlation of insoluble starch accumulation and soluble 
sugar content in ripe fruits (Cho et al., 2020). However, the breakdown of starch by α-amylase and β-
amylase could also contribute well towards significant increase in sugar content at later stages of fruit 
development (Souleyre et al., 2004).  
Bilberry (Vaccinium myrtillus L.) is an important wild berry species native to Northern Eurasian regions 
gaining worldwide economic importance due to high levels of anthocyanins accumulating during fruit 
ripening (Pires et al., 2020). In Vaccinium berries, the sugars are mostly accumulating at later stages of 
ripening upon pigmentation. Also, the glycoside residues in bilberry anthocyanin compounds are mostly 
of glucoside, galactoside and arabinoside derivatives (Kähkönen et al., 2003; Karppinen et al., 2018). 
Earlier, we have shown that specific light wavelengths such as red and blue light can improve 
anthocyanin accumulation in bilberries (Samkumar et al., 2021), but further information on sugar 
metabolism, transport and signaling is lacking. Red and blue light wavelengths could selectively induce 
sugar metabolism as evidenced by some of the recent studies in tomato and lettuce crops (Chen et al., 
2019; Li et al., 2017). 
The current study aims to shed light on sugar biosynthesis and metabolism in developing bilberries 
through analysis of the sugar content, related gene expression and enzyme activity assays. The study 
also highlights the role of spectral light quality, specifically the effect of red and blue light on sugar 
metabolism identified from light-treated bilberry transcriptome dataset. The results provide deeper 
understanding on the relationship between sugar metabolism and fruit ripening in bilberry by adding 
 
102 
further knowledge towards improving economic value of small berries, fruit quality, marketability and 
could also accelerate Vaccinium breeding programs in future. 
 
2. Materials and methods 
2.1 Plant materials 
Wild bilberry fruits were collected from forest stands in Oulu (65°01' N, 25°28' E), Finland and Tromsø 
(69°71' N, 19°41' E), Norway. The samples were kept in -80°C until RNA and enzyme extraction. The 
berry samples were collected at four different developmental stages of bilberry; small unripe green 
berries (S2), large unripe green berries (S3), ripening purple berries (S4) and fully ripe blue-colored 
berries (S5) as previously described (Karppinen et al., 2013).  
The earlier published transcriptome dataset from red, blue, and light treated bilberry fruits was utilized 
in this study (Samkumar et al., 2021). The raw reads can be retrieved from the Bio Project ID 
PRJNA747684 from NCBI-SRA database. The top differentially expressed genes (DEGs) were 
analyzed and subjected to KEGG pathway enrichment analysis using Blast2GO software suite and all 
the genes classified under sugar metabolic pathways were filtered out and further analyzed. The S5 
berries from the light treatments were collected for analysis of the sugar content. 
2.2 Identification of sugar metabolism genes 
Genes encoding the major groups of sugar metabolism enzymes corresponding to CWINV, NINV, 
VINV, FK, SS, SPP and SPS were retrieved from transcriptome shotgun assembly (TSA) sequence 
databases of Vaccinium virgatum (Qi et al., 2019) and transcriptomes of Vaccinium myrtillus (Nguyen 
et al., 2018; Samkumar et al., 2021). 
2.3 Phylogenetic analysis 
Multiple sequence alignments of deduced amino acid sequences were performed using EMBL-EBI, 
Clustal Omega program (https://www.ebi.ac.uk/Tools/msa/clustalo/). To analyze the common 
relationship between the sugar-enzyme families and across fruit-crop species, phylogenetic analysis was 
performed from the CLUSTAL-aligned sequences. The unrooted phylogenetic tree was constructed 
using MEGA X software package (Kumar et al., 2018) using the maximum-likelihood method with 





2.4 RNA extraction and qRT-PCR analysis 
The frozen berries were ground to a fine powder under liquid nitrogen using mortar and pestle. Total 
RNA was isolated from approximately 120 mg tissue powder by using Spectrum Plant Total RNA kit 
(Sigma-Aldrich, St. Louis, MO, USA) following the manufacturer’s instructions. The residual DNA 
was eliminated with on-column digestion using DNase I (Sigma-Aldrich). The RNA was qualified and 
quantified using a Nanodrop (Thermo Fischer Scientific, Waltham, MA, USA). First-strand cDNA was 
synthesized using Invitrogen Superscript IV reverse transcriptase (Thermo Fisher Scientific) using 4 μg 
of total RNA according to manufacturer’s instructions. 
Real-time quantitative reverse transcription PCR (qRT-PCR) analysis was performed in C1000 Thermal 
cycler (CFX96 Real-Time System; Bio-Rad, Hercules, California, USA) and using SSOFast EvaGreen-
SYBR supermix (Bio-Rad) in 15 μl volume per reaction. The PCR conditions were 95°C for 30 sec 
followed by 40 cycles at 95°C for 5 sec, and 60°C for 10 sec. The program was further followed by a 
melt-curve analysis ranging from 65°C to 95°C with an increment of 0.5°C every cycle. All analyses 
were performed in three biological replicates. The results were analyzed using CFX connect software 
(Bio-Rad) using 2(−ΔΔCq) method. The relative expression levels were normalized with either GAPDH 
(glyceraldehyde-3-phosphate dehydrogenase) or Actin housekeeping genes with similar results. Primer 
sequences for genes used in this study are listed in Table S2. 
2.5 Enzyme activity assays 
For enzyme activity assays, we used a slightly modified extraction protocol as previously described by 
Xie et al. (2009). Approximately 1g of freshly grounded fruit tissues with 1:8 (w/v) of extraction buffer 
containing 50 mM HEPES-NaOH (pH 7.5), 10 mM MgCl2, 2.5 mM DTT, 1.0 mM EDTA, 0.05% (v/v) 
Triton X-100, 0.1% (w/v) BSA, 0.1% β-merchaptoethanol, and 2% w/v polyvinylpolypyrrolidone 
(PVPP). The homogenate was centrifuged at 12,000 g for 15 min to obtain the supernatant. The crude 
extract was then dialyzed using a cellulose tubing (dialysis membrane with molecular cut-off 14,000 
Da; Sigma-Aldrich) for 16 h with 25 mM HEPES-NaOH (pH 7.5) and 0.25 mM disodium-EDTA 
dialysis buffer. The insoluble pellet was homogenized two times of 10 ml extraction buffer and then 
resuspended in 3 ml of 50 mM HEPES-NaOH (pH 7.5) and 0.5 mM disodium-EDTA. The pellets were 
further washed with 200 ml extraction buffer (1:40 v/v) without PVPP to assay the insoluble CWINV. 
All the extracts were transferred in pre-chilled vials and the analyses were carried out at 0-4°C. The 
enzyme activities were measured in proportional to the amount of corresponding sugar released to the 
reaction time. 
Activity of VINV and NINV were measured according to Lowell et al. (1989). Amount of 0.3 ml of 
enzyme extract was incubated for 40 min at 37°C with 80 mM K3PO4-acetate (pH 4.5) and 500 mM 
sucrose in a total volume of 1 ml. The reaction was stopped at 30 min by adding 600 µl of 1% (w/v) 3,5 
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dinitro salicylic acid (DNS) and boiling for 5 min. Absorbance was read at 540 nm in a 
spectrophotometer (Smart Spec; Bio-Rad, Hercules, California, USA). CWINV activity assay was 
carried out from the extracts of insoluble pellets washed with extraction buffer without PVPP. The 
activity of invertases was expressed as amount of glucose (µmol) produced h-1 g-1 of sample fresh weight 
(FW). 
SPS and SS activity were measured according to Zhang et al. (2011). The reaction solution consists of 
0.5 M HEPES-NaOH (pH 7.5), 0.14 M MgCl2, 0.028 M disodium EDTA, 0.112 M fructose-6-phosphate 
(F6P) and 0.042 M uridine diphosphate glucose (UDP-G). Amount of 85 µl of crude enzyme extract 
was mixed with 55 µl of reaction solution. The mixture was then incubated for 40 min at 37°C and then 
the reaction was terminated by adding 70 µl of 1.0 M NaOH. Non-reacted F6P was degraded by keeping 
samples in 100°C for 10 min. After cooling, 0.25 ml of resorcinol solution (w/v dissolved in 95% 
ethanol) and 0.75 ml of 35% HCl (v/v) were added into the mixture and the tubes were incubated at 
80°C for 8 min. SS and SPS were measured the same way except by replacing of F6P with 0.084 M 
fructose in reaction mixtures. The amount of sucrose produced was calculated from the standard curve 
derived from sucrose standard concentrations and the absorbance values measured at 520 nm were 
expressed as µmol of sucrose generated h-1 g-1 FW. 
Starch degradation activity by α-amylase and β-amylase were measured according to Hagenimana et al. 
(1994). Amount of 0.25 ml of 100 mM phosphate buffer (pH 6.0), 0.25 ml of enzyme extract and 0.5 
ml of 1% (g ml-1) starch solution were mixed together. The reaction mixtures were pre-incubated for 5 
min at 40°C and terminated by adding 1 ml of 0.4 M NaOH. The generated reducing sugars were 
determined by DNS reagent based on Miller (1959). For α-amylase activity, we followed the same 
procedure, but the enzyme extract was pre-incubated at 15 min at 70°C to deactivate β-amylase. The 
activity of β-amylase was determined by the difference in total amylase and α-amylase activity and 
expressed as amount of maltose produced h-1 g-1 FW. 
2.6 Measurement of sugar content 
Part of the berry samples ground for RNA extraction were dried in a freeze dryer (Virtis benchtop-K; 
SP Scientific, Gardiner, NY, USA). The dried sample powder of 0.1 g was extracted with 12 ml water 
containing 0.12 g PVPP in an orbital shaker for 1.5 h. The extracts were centrifuged at 4500 g for 10 
min and the supernatant was filtered using a 0.2 μm filter (Merck-Millipore, NJ, USA) and stored in -
20°C until used for sugar content analysis. 
Total sugar content was analyzed according to the phenol-sulfuric acid method described by Nielsen et 
al. (2010). Amount of 100 μl of the sample was added with 1.9 ml of water to make it a 2-ml sample 
volume followed by 0.05 ml of 80 % of phenol. Samples were mixed vigorously. After constant shaking, 
5 ml of sulfuric acid was added to the sample mixture. The samples were incubated in room temperature 
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for 10 min and the tubes were kept at 25°C for 10 min. Finally, the absorbance was read at 490 nm and 
quantified against a glucose standard curve. 
Individual soluble sugars were analyzed using Sucrose/D-Glucose/D-Fructose assay kit (R-biopharm, 
Darmstadt, Germany). All samples were analyzed in triplicates and the absorbances were measured at 
340 nm with the spectrophotometer. The absorbance difference for each sugar was calculated using the 
formula provided by the manufacturer. 
2.7 Statistical analysis 
The comparison of means from the concentrations of sugar were analyzed by one-way ANOVA. The 
means-comparison was followed by Tukey’s post-hoc test. All the visualizations and ANOVA were 
performed in Origin pro software v2021b (OriginLab Corporation, Northampton, MA, USA). 
 
3. Results and discussion 
3.1 Sugar content during bilberry fruit development 
The total sugar content analyzed by phenol-sulfuric acid method showed that the highest sugar levels 
were found in fully ripe S5 berries followed by the S4 berries, while the lowest sugar content was found 
on S3 berries (Table 1). The results were confirmed by the total amount of individual sugars. A recent 
study in strawberries has shown similar pattern of soluble sugar accumulation with a decrease in middle 
stage followed by an increase in later developmental stages (Wang et al., 2018).  
From the individual soluble sugars quantification, the fructose concentration was slightly higher than 
glucose concentrations and the sucrose concentration was much lower than fructose and glucose (Table 
1). In earlier studies, fructose was found to be the predominant sugar in bilberry fruits followed by 
glucose, and sucrose is found in relatively low amounts (Milivojević et al., 2012; Mikulic-Petkovsek et 
al., 2015; Uleberg et al., 2012). Fructose and glucose levels showed similar trends in concentration 
during ripening. In small unripe green fruit (S2), fructose and glucose concentration were measured at 
80 mg g-1 DW and 70 mg g-1 DW, respectively, before decreasing nearly by two-fold at S3 stage, and 
then increasing by approximately 1.5 times at S4 stage. In the final maturation stage (S5), the fructose 
concentration was 225 mg g-1 DW and glucose concentration 161 mg g-1. The sucrose concentration was 





3.2 Identification and phylogenetic analysis of sugar metabolism related gene families in bilberry 
The genes coding for sugar metabolism-enzyme families such as CWINV, VINV, NINV, HK, FK, SPP, 
SPS and SS were retrieved from the available transcriptome datasets on Vaccinium species. Altogether, 
25 sugar metabolism pathway genes were identified; three isoforms of CWINV, two isoforms of VINV, 
five isoforms of NINV, five isoforms of HK, five isoforms of FK, two isoforms of SPP, four isoforms 
of SPS and four isoforms of SS. All the identified V. virgatum sequences, with their matching sequences 
from TSA database and corresponding bilberry sequences retrieved from SRA transcriptome datasets 
are presented in the Supplementary Table 1.  
We used Plant-mSubP online tool to predict the subcellular localization of the invertases, as it is one of 
the differentiating factors to classify its types. It is performed to confirm the precise subcellular 
localization of identified genes belonging to invertases class based on signal peptides (Table S1). 
Although, it is widely believed that neutral invertases are only found in cytoplasm, a previous study has 
shown that it can be found on plastids also (Murayama and Handa, 2007). From our analysis, three 
isoforms were predicted; NINV 1,2 & 4, which are most likely to be present on plastids than in the 
cytoplasm. Another study showed that sucrose could enter inside plastids, but the metabolism of sucrose 
by invertases inside that organelle are relatively unknown (Gerrits et al., 2001).  
A phylogenetic tree was constructed using sequences of V. myrtillus sugar genes with sequences from 
related fruit species such as apple, strawberry, peach and grapevine is shown for its evolutionary 
relationship (Fig, 2). The phylogenetic tree shows that HK and FK were grouped in similar branches 
from the main clade because of its similar phosphorylating nature of hexoses (Granot et al., 2014), 
whereas CWINV and VINV were grouped in the same branches considering both are acid invertases 
(Roitsch, & González, 2004). Likewise, SS and SPS were branched from the next major clade and NINV 
was found in the distant clade grouped together with SPP (Fig. 2). 
 
3.3 Expression of sugar metabolism genes during bilberry fruit development 
The relative gene expression levels of all identified gene isoforms were determined by using qRT-PCR 
during berry development. The expression pattern of all three isoforms of CWINV was different from 
one another (Fig. 3a). VmCwINV1 expression was low in S3 and S4 fruits, but slightly higher in the 
ripening stage S5, whereas VmCwINV2 showed 4 times higher expression in S3 than in the S2. In later 
stages of ripening (S4 and S5), there was no expression of the VmCwINV2. The VmCwINV3 showed 
slightly lower expression in S3 than in S2, whereas it showed similar expression in S4 and again 
decreased its expression in fully ripe fruit (Fig. 3a). However, the expression of VmCwINV3 did not 
vary significantly across the different fruit development and ripening stages (Fig. 3a). CWINVs are vital 
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during sink organs development such as fruit and play a major role in fruit setting (Ru et al., 2017). 
These are the key partitioning enzymes once the sucrose is transported from source tissues and 
upregulate the sink strength in fruits (Roitsch & González, 2004). From our results, we can infer that all 
these differently expressed isoforms of CWINV might have distinct functions at certain developmental 
stages. 
The expression of VmVINV1 showed increment from S3 to S5. VmVINV1 had the highest expression in 
S5 (Fig. 3b). VmVINV2 showed a 13-fold higher expression in ripening purple fruit, whereas the 
expression of VmVINV2 decreased significantly in fully ripe blue fruit. The expression of VmVINV2 was 
also found negligible in green unripe fruit stages (Fig. 3b). Since VINV determine the storage and 
resynthesis of sucrose in vacuoles at mature stages of fruit development (Hussain et al., 2001; Tang et 
al., 1999), we speculate that the increase in expression levels of two isoforms of VINVs at the ripening 
stages S4 and S5 could be responsible for maintaining the sugar balance in such organelles and in ripe 
bilberries.  
The expression pattern of three isoforms of neutral invertases (VmNINV1,2 & 3) were similar among 
small green unripe fruit and large green unripe fruit. All three genes were slightly lower expressed in 
large green unripe fruit than in small green unripe fruit. VmNINV1 had the highest expression in ripening 
red colored fruit (S4), and VmNINV2 had the highest expression in blue-colored S5 fruit. VmNINV3 had 
lower expression in S4 and expression of VmNINV3 in the other three ripening stages was similar. 
VmNINV4 had similar expression in S3 and S5 stages, and expression in these two stages were higher 
than in the small unripe green fruit (S2). VmNINV5 also had much lower transcript levels in S4 and S5 
fruit (Fig. 3c). A direct correlation of neutral invertases activity to that of fructose-to-glucose ratios has 
earlier been shown in fruits (Desnoues et al., 2014). Our results show that NINVs were expressed in all 
the developmental stages during bilberry fruit development. This indicates that higher NINV activity 
means an increase in fructose amounts in all developmental stages achieved by the segregation of 
sucrose in the cytoplasm (Ran et al., 2017).  
The hexose phosphorylating enzymes, HKs and FKs, VmHK1, VmHK2 and VmHK4 isoforms were 
similarly expressed between developmental stages S2-S3. Afterwards, VmHK2 increased expression 
rapidly and to some extent by VmHK1 in stages 4 and 5, unlike other isoforms, which were not altered 
significantly (Fig. 4a). Glucose can only be phosphorylated by HKs, while fructose will be 
phosphorylated by both HKs and FKs, although the affinity towards fructose moieties will be higher in 
FKs (Granot, 2013). From our results, all the FKs, except VmFK5 (VmFK1,2,3 & 4), rapidly increased 
expression after stage 2, and increased further with the highest expression level found on stage 3 berries. 
However, during late developmental stages 4 and 5, the expression levels fall down dramatically (Fig. 
4b). The HKs and FKs are showing an interesting opposite expression pattern in early and late berry 
developmental stages (Fig. 4). The result suggests that an increase in fructose content can be attributed 
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by the interplay of FKs in the beginning of ripening and by both FKs and HKs at late berry 
developmental stages. 
Finally, in regards with the sucrose metabolism enzymes, expression of VmSPS1 increased in late stages, 
whereas, VmSPS2 and VmSPS3 expression in stages 4 and 5 was low. VmSPS2 was highest in stage 3 
berries (Fig. 5a). SPS is the key enzyme involved in the sucrose resynthesis and an increase in expression 
at the onset of ripening implies that sucrose is recycled actively, especially at S3 stage. It could also be 
correlated with the increase in sucrose content at same stage (Table 1), as previously shown in another 
study (Vimolmangkang et al., 2016). SPP did not show significant variation across developmental 
stages, except at S4 where VmSPP1, VmSPP2 levels slightly increased (Fig. 5b). The only characterized 
and expressed sucrose synthase isoform VmSS was also higher in early berry development and tended 
to decrease lately (Fig. 5c). A similar trend was shown in kiwifruit ripening, where SS was shown to be 
involved in post sucrose-unloading pathways (Chen et al., 2017). 
 
3.4 Sugar related enzyme activities across bilberry developmental stages 
Enzyme activities of CWINV, VINV were not detected or were only found in very low levels in early 
developmental stages (S2, S3), but increased rapidly from S3 on with the highest activity found in S5 
berries (Fig. 6). Generally, CWINVs are considered sink-specific enzyme, which should be involved in 
sucrose unloading very early in berry development, but some studies have shown that gene expression 
and enzyme activities of CWINVs are lower in fruits and may not be directly related in apoplastic 
sucrose unloading in the beginning of ripening (Li et al., 2012). Contrastingly, NINV activity was found 
early in S2 berries and then the activity increased later at fully ripe S5 berries (Fig. 6). Activities of both 
sucrose metabolism enzymes SS and SPS were also detected in unripe berries and those tend to increase 
only at later stages. Both of these enzymes have an opposite enzyme activity at S3, which might be the 
critical stage in sucrose resynthesis occurring in bilberry fruits (futile cycle). SPS activity was highest 
in S3 whereas SS activity was lowest at the same stage (Fig. 6). Our results are consistent with earlier 
studies, as previously demonstrated that SS activities are often higher than NINVs as the former 
produces reversible conversion and better homeostasis in sink tissues (Moscatello et al., 2011). SS is 
also likely to be involved in starch accumulation in plastids at the beginning of fruit ripening (Ross et 
al., 1994). However, degradation of starch occurs during late berry development in amyloplasts. The 
activities of both of the starch-degrading amylases (α, β amylases), were only found increased in fully 





3.5 Effect of light spectral quality in bilberry sugar metabolism 
Sugar concentrations of glucose and fructose were significantly higher in red light treatment (165 and 
210 mg g-1 DW, respectively), when compared with control (Fig. 7b). Blue light also slightly increased 
glucose and fructose content in ripe berries but was not found significantly different (141 and 166 mg 
g-1 DW). Sucrose levels were found to be very low across the light treatments (2-3.5 mg g-1 DW) and 
they were not found to be significantly affected by the supplemental light treatments (Fig. 7b).  
The top DEGs obtained between the control and light treatments (red, blue) were visualized and shown 
as heatmap with log2-fold changes (Log2 FC) (Fig. 7a). Both light treatments up-regulated α-amylase 
and β-amylases, which are the key genes involved in starch degradation in plastids (Fig. 7a). Red light 
up-regulated β-amylase levels up to 3-folds, which indicates that maltose levels have been elevated 
inside amyloplasts, which subsequently can be converted to other hexoses such as glucose, thus adding 
sweetness or flavor to the fully ripe fruit (Xiao et al., 2018). Blue light down-regulated the hexose inter-
conversion enzymes involved in galactose metabolism such as phosphoglucomutase (PGM), α-
galactosyltransferse (α-gal) and UDP-glycopyrophophorylase (UDPG-PP) (Fig. 7a). On the other hand, 
red light upregulated α-galactosyltransferse gene, which is likely to be involved in deriving sugar 
alcohols. Other key enzymes arising from galactose metabolism, such as galactinol synthase (GS), UDP-
galactose epimerase (UGE) and raffinose synthase (RFS), were also up-regulated in red light treatment 
(Fig. 7a). Comparatively, blue light up-regulated hexose phosphorylating enzymes such as HK, FK and 
PFK genes more than red light. The VINV were up-regulated by both light treatments (Fig. 7a). The 
result suggests that the degradation of sucrose to hexoses, which was highly upregulated in response to 
light treatment was mostly occurring in vacuolar spaces by VINVs than in the cytosol by the NINVs 
(Rabot et al., 2014). Likewise, it is also evidenced by the NINVs, which are lowly expressed under light 
treatments. All the CWINV were down-regulated under light treatments. The result is consistent with 
the earlier studies which have shown that CWINV activities are reduced under abiotic stress during fruit 
set and are the most targeted during altered circadian rhythm (Liu et al., 2016; Proels & Hückelhoven, 
2014). Sucrose enzymes such as SS and SPP were up-regulated under red-light whereas, SPP and SPS 




In the current study, we have identified and analyzed the sugar metabolism encoding genes in bilberry 
across fruit developmental stages through enzyme activities and related gene expression. The results 
shown that the gene expression and enzyme activities of acid invertases were low in the beginning of 
bilberry development, and detected rapid increases in the expression of the enzyme genes producing 
irreversible sucrose conversions at later stages. Our results indicate that SS is most likely the key enzyme 
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involved in the reversible sucrose conversions, as both its activity and expression levels were found 
consistent across all the four bilberry developmental stages. All the invertases, hexose-kinases and 
sucrose resynthesizing enzymes at the last ripening stage contributed to the final accumulation of sugars 
in fully ripe berries, where fructose and glucose were found as the most abundant sugars. In response to 
light spectral quality, we have shown that both red and blue supplemental light irradiation trigger 
degradation of starch, which is stored in amyloplasts, and likely contributes to the increase in hexoses 
content. In addition, both light qualities have negative impact on CWINV, but the up-regulation in both 
hexose-kinases and vacuolar invertases are responsible for the increase in glucose and fructose content 
under red light. Further, red light increased sugar concentrations of bilberries. This study provides the 
first comprehensive report on bilberry sugar metabolism, and provides an ideal platform towards further 
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Fig. 1 Schematic representation of sugar metabolism. The key genes discussed in this study are 
highlighted in red color. CwINV, cell wall invertase; VINV, vacuolar invertase; NINV, neutral invertase; 
FK, fructokinase, HK, hexokinase; SS, sucrose synthase; SPS, sucrose phosphate synthase; SPP, sucrose 
phosphate phosphatase; α-amy, α-amylases; β-amy, β-amylases. A simple minor pathway presentation 














Fig. 2 Phylogenetic analysis of bilberry sugar metabolism-related genes. The identified bilberry gene 
isoforms are highlighted with black circles. The sequences were classified into seven enzyme groups in 
corresponding subclades, neutral invertases (NI), cell wall invertases (CWI), vacuolar invertases (VI), 
hexokinases (HK), fructokinases (FK), sucrose phosphate phosphatases (SPP), sucrose synthases (SS) 
and sucrose phosphate synthases (SPS), respectively. Numbers in forks represents… Bar represents… 
























Fig. 3 Relative expression of invertase genes during bilberry fruit development. The relative expression 
levels of A) CWINV, (B) VINV and (C) NINV were quantified by qRT-PCR. The expression level of 
gene isoforms was normalized to the level of VmGAPDH. S2, small unripe green fruit; S3, large unripe 
green fruit; S4, ripening purple fruit; S5, fully ripe blue fruit. All the values are means of four biological 




Fig. 4 Relative expression of (A) HK and (B) FK genes during bilberry fruit development. The relative 
expression levels of genes were quantified by qRT-PCR. The expression level of every gene isoform 
was normalized to the level of VmGAPDH. S2, small unripe green fruit; S3, large unripe green fruit; S4, 









Fig. 5 Relative expression of the sucrose metabolism genes SPS, (A) SPP, (B) SS (C) during bilberry 
fruit development. The relative expression levels of each gene were quantified by qRT-PCR. The 
expression level of gene isoforms was normalized to the level of VmGAPDH. S2, small unripe green 
fruit; S3, large unripe green fruit; S4, ripening purple fruit; S5, fully ripe blue fruit. All the values are 












Fig.6 Changes in enzyme activities related to sucrose and starch metabolism during bilberry fruit 
development. The enzyme activities were expressed in amounts of corresponding sugar released per 
hour from fresh weight (FW) used in each assay. The values represent mean ± SEM of four biological 
replicates. S2, small unripe green fruit; S3, large unripe green fruit; S4, ripening purple fruit; S5, fully 












































Fig.7 Differentially expressed genes (DEGs) related to sugar metabolism and sugar content in response 
to spectral light qualities. (A) The associated DEGs from red and blue light vs. control were represented 
in color code boxes based on log2 fold changes. Red light treatment is shown on left and blue light 
treatment on the right side of the box. Gene names: Phosphofructokinases (PFK), fructokinases (FK), 
hexokinases (HK), neutral invertases (NINV), vacuolar invertases (VI), cell wall invertases (CWINV), 
sucrose phosphate synthases (SPS), sucrose phosphate phosphatases (SPP), sucrose synthases (SS), α-
amy, α-amylases; β-amy, β-amylases, UDP-galacturonate 4-epimerase (UGE), galactinol synthase 
(GS), phosphoglucomutase (PGM), raffinol synthase (RFS), α- galactosidases (α- gal), UDP 
glucose7galactose pyrophosphorylases (UDPG PP),  (B) Sugar content in light-treated bilberry 
samples. The values (mg g-1) represent mean ± SEM of biological and technical replicates. Different 
letters denote significant differences among light treatments analyzed by one-way ANOVA followed 



















Table. 1 Quantification of sugar content during bilberry fruit developmental with two different methods 
(Phenol-sulfuric method and Sucrose/D-Glucose/ D-Fructose assay kit). The values are mean of three 
biological replicates ± SEM and expressed in mg g-1 of dry weight (DW). S2, small unripe green fruit; 

























70.06 ± 0.26 
 
78.04 ± 0.38 
 
4.57 ± 0.22 
 






35.90 ± 0.77 
 
47.29 ± 1.29 
 
7. 48 ± 0.54 
 






101.11 ± 3.45 
 
123.69 ± 4.94 
 
7.97 ± 0.38 
 






165.76 ± 4.06 
 
227.55 ± 2.17 
 
4.55 ± 0.19 
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Supplementary figure S1.   Principal component analysis (PCA) lot of the three sample groups 
(control, blue and red; n= 9) from metabolic profiling analysis with UPLC-HDMS. Color codes 












Supplementary figure S2.  Heat map analysis of metabolic profiling data (average) with UPLC-















Supplementary figure S3.  BLAST search distribution among top 25-species, the top-hit species were 
expressed as percentage and in bars whereas the corresponding number of search hits in terms of 













Supplementary figure S4.   Sequence similarity distribution of BLAST hits among the top 500 DEGs 
























Supplementary figure S5.   Gene expression box plot from all the samples under different conditions 
based on fragments per kilobase of transcript sequence per millions base pairs sequenced (FPKM) 










Supplementary figure S6.   Principal component analysis (PCA) plot for all the analyzed RNA-seq 
samples as a QC method before differential expression analysis using DESeq2. The clustering of 
samples is based on the type of light treatment as indicated in color codes and the percentage of variance 













Supplementary figure S7. InterproScan protein domain families identified from the top differentially 





















Supplementary figure S8. List of transcription factor families (TF) identified from DEGs, size of the 
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Fig S1.   Supplemental blue (460 nm), red (660 nm) and far-red (735nm) light treatments provided for 
bilberry plants by Heliospectra LED lamps alongside control (400-700 nm). Relative intensities of light 













Fig S2.   Effect of light spectral treatment on gene expression of a major flavonoid biosynthetic gene 
and a regulatory gene in bilberry leaves, Chalcone synthase (VmCHS) (A), R2R3-MYB transcription 
factor (VmMYBPA1.1) (B). The expression levels are normalized to the reference gene VmGAPDH 
(Glyceraldehyde 3-phosphate dehydrogenase). Error bars represents ±SE of three biological replicates 
and significant differences between control and light treatments were analyzed by comparison of means 
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Supplementary Table 1. The Identified sugar metabolism genes from V.myrtillus fruit. The 
corresponding sequences are retrieved from V.virgatum and their TSA (Transcriptome Shotgun 
Assembly) IDs are provided in the following column. The gene query matches with the highest 
similarity and its corresponding transcript and unigene IDs from the two V. myrtillus transcriptomes 
datasets were shown in the next two columns. The homologous genes with other related species are 
shown in next column with identities expressed in percentages. The last column represents the 
subcellular localization of all the identified isoforms of invertases using Plant mSub-P tool. The 
likelihood scores for cellular localization are shown in brackets in the range of 1 (NA-not applicable). 
 
 

























Cell wall invertase 1 




. persica)  
(66%) 
Cell wall (0.7) 
Cell wall invertase 2 




5(C. sinensis)  
(82%) 
Cell wall (0.9) 
Cell wall invertase 3 




. vinifera)  
(64%) 
Cell wall (0.3) 
Neutral invertase 1 (NINV1) 




. sinensis)  
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Plastid (0.5) 
Neutral invertase 2 (NINV2) 








Neutral invertase 3 (NINV3) 








Neutral invertase 4 (NINV4) 
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Neutral invertase 5 (NINV5) 










Vacuolar invertase 1 
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Vacuole (0.7) 
Vacuolar invertase 2 
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Hexokinase 1 (HK1) 
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NA 
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Hexokinase 3 (HK3)    
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Forward primer sequence 
  







VmCWINV2 CTCTGATGCAACCAGTTCCTCT  CTCCTGAGGGAAAGCTTCTTGT 
VmCWINV3 GGCTTCAGTCGTTTCCAAGMC CCACCCTTGAGCTCTGTATCAT 
VmVINV1 TGATGACCTCTTGAAGGGTTGG  AGCAGGGAATTCAGTACCGTTC 
VmVINV2 TTGCTCAAGGAGGGAGAACAGT  TATAAGCCGAGTCCATCGACCA 
VmNINV1 GGCCTGCATTAAGATGAAGAGG  TTCCCTACAAATCTCCCACTGC 
Vm NINV2 GAAGTCCTAGACCCAGATTTCG  CCAGTTACCTTCCCATAAGCAC 
Vm NINV3 GAAGGCGAGGAGTGGAGAATTA  TGCGTCTCTCGGCTATCTTAAC 
Vm NINV4 CCGTTAGACAGTTGGCCTGAAT  TCCTCCCAGTACAGCAAAGAAG 
Vm NINV5 GAGTGGTTAAGCGTCTTCATGC TCCATTCAGGGAGAGAATCAGG 
VmFK1 GCACAACTAGCTGAGGATGACA ATTGCACCTCTCTCCTTGACAG 
VmFK2 CTGAAGGGTCAGATGGTTGCAGA AATGCATCACCAGCACCAGTCG 
VmFK3 TTTACCAGGACGAGGAGCGATT CTTTCGTCGGTAAGGCAGGAAT 
VmFK4 ACCGCTGATGAACTCAATCTCG ACCTCCATCGCCTTTAAGTGAG 
VmFK5 CCAGGCTGAAGTGATAAAGGTG CACCAATGGTCACAAGGAGAAG 
VmHK1 GGAGGCAGATACTACGACTCAA AGGTAGTAGACCATGCCACTTG 
VmHK2 GGGCACTCTCGTTAAATGGACA CACACGCATATCGAGACCAACT 









VmSPS1 GGCATGGTCAAAGGGTGTTCTA CTCCTCAACGCTGGGAATTTAC 
VmSPS2 AGGAGGCTTTAATCCTGTGGAC CGGAAGACTCACCTTCTGAGTT 
VmSPS3 GAGCTGCTTAGAACAGCTGGAA CTTCGCTTCTGCATTGGTGTAG 
VmSPP1 AGCACTAAGTCTTCCGTCCTGT TGACTTGATCTACCCACACTCG 
VmSPP2 GTTTGACAAGTGGGAGCTGTCT ATACGAGCCCATCTGGTACTTC 
VmSS CGGGGTCTCTGGTTTTCACAT CCCGTACAAAGATCCCATGTTC 
VmGAPDH CAAACTGTCTTGCCCCACTT  CAGGCAACACCTTACCAACA 
VmActin TTCCCTGGGATTGCTGATAG  GGTCTTGGCAATCCACATCT 
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